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Conditions for the persistence of purely longitudinal or 
purely transverse propagation 


W. C. HorrmMan 
Hughes Research Laboratories, Reseda, California* 


(Received 9 June 1959) 


Abstract—The conditions for radio waves to propagate through the ionosphere exactly parallel or 
exactly transverse to the local direction of the centred-dipole-magnetic field are determined. The 
analysis is based on an appropriate form of the Haselgrove equations for ray-tracing in an inhomogeneous 
anisotropic medium, and the general forms of the refractive indices required for the persistence of purely 
longitudinal and purely transverse propagation are determined by integration of the Haselgrove equa- 
tions. The resultant refractive indices do not appear to be appropriate to the ionosphere. 


1. INTRODUCTION 


THE special cases of quasi-longitudinal and quasi-transverse propagation, which 
emerge from the Appleton—Hartree equation when the wave-normal is either very 
nearly aligned with the geomagnetic field or very nearly perpendicular to it, have 
received exhaustive investigation over a period of many years. The wave behaviour 
in such cases is essentially local, i.e. is associated with a particular point in the 
medium, rather than “‘global’’ or “‘in the large’’. in the sense that certain relative 
directions of wave-normal and geomagnetic field are maintained over an appreciable 
portion of the path. The question of the latter sort of behaviour has especially 
arisen in recent years in connexion with the propagation of ‘“‘whistlers’’, these 
being naturally-occurring v.1.f. signals which, in a sense, are guided by the lines 
of force of the geomagnetic field. In the classical theory of whistlers (StroREY, 1953), 
propagation is supposed to take place approximately along the field lines. Hines 
(1957) showed how the tendency to guidance disappears (for sufficiently low 
frequencies) when the medium is assumed to consist of electrons and protons in 
electrostatic equilibrium, and that, now, propagation across the field lines is even 
possible. In this context it becomes of interest to determine how long propagation 
(especially whistler propagation) can persist either exactly along or transverse to 
the lines of force, and it is to this end that the present investigation is directed. 
Use, for this purpose, will be made of the ray-tracing equations of HASELGROVE 
(1955). The Haselgrove equations are integrable in the “‘pure’”’ cases of exactly 
longitudinal or exactly transverse propagation, provided certain conditions are 
imposed on the refractive index. It is to these conditions upon the refractive index 
that we shall direct our attention. 


2. THE HASELGROVE EQUATIONS IN THE CENTRED DIPOLE FIELD 
Ray-tracing in the ionosphere is subject to the fundamental difficulty pointed 
out by WESTFOLD (1949): 


**.,. according to the Appleton—Hartree formula, the refractive index is in general a 
function of the angle the direction of propagation makes with the direction of the magnetic 
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field as well as of the electron density, the magnetic field intensity and the frequency. 
The differential deviation of a ray at any point of its trajectory depends on all these 
parameters, so that the difference in refractive index at neighbouring points on a ray in 
the medium under consideration depends on the deviation as well as on the new value of 
the electron density. The refractive index structure of the medium is therefore an 
intrinsic property of the particular ray under consideration. It follows that surfaces of 
constant refractive index, independent of ray directions, cannot be realized in a magneto- 
ionic medium. This is the fundamental difficulty which besets all attempts at a ray 
treatment of the propagation of radio waves through the ionosphere .. .” 


Recognition of the fact that the ray direction gives rise to an intrinsic type of 
geometry constitutes a crucial step in the attack on the problem. Thus HAseEt- 
GROVE (1955) was able in a paper published subsequently to lay down a system of 
differential equations, based on Fermat’s principle and the theory of Finsler spaces, 
which are suitable for ray-tracing in an inhomogeneous anisotropic medium. In 
the present calculations, we shall assume that the ray path is restricted to the plane 
of the magnetic meridian. This assumption enables us to use the Haselgrove 
equations in a less general, but considerably simpler, form. We further assume that 
we have to do with a curved earth and a curved ionosphere. Under these assump- 
tions the Haselgrove equations (1955) can be put in the form: 


dr 


dt 

dé l ; 1 dln n? 

dt nr | es aes Oy aid a) 
dy, 11 {dlnn? 


dt 2nrl 06 


n-1 (cos nat 


ldlnn? . 
5 = ap sin hh 


a .. ee. ‘a 
cosy, —|2+,r ae sin ay | 





In these equations: 
r = radial distance from the centre of the earth; 
geomagnetic latitude (measured positive counterclockwise); 
angle between the position vector and the wave-normal; 
(real) refractive index; 
angle between the magnetic field and the wave-normal. 

The next step is the incorporation of the centred dipole approximation for the 
geomagnetic field into the Haselgrove equations. The magnetic lines of force will 
thus be given by the equation 

cos? 6 


( -—— 
cos? 9, 


where a is the radius of the earth, and 6, is the geomagnetic latitude at that point 
where the field line re-enters the earth’s surface. The relations among the various 
angles involved in this and the Haselgrove equations are depicted in Fig. 1, 
wherein B, represents the local magnetic field vector, n the wave-normal, 7 the 
angle between the positive polar axis (geomagnetic equator) and the vector Bo, 
y the angle between the polar axis and the wave-normal n, and the other quantities 
are defined just after equations (1). 
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Since 41 +0 


ee 
and y=Y-—T (mod 27), 


it follows that y = 7%, + arctan (4 cot 6). (3) 


Longitudinal propagation (in the traditional sense) takes place when the wave- 
normal is parallel to the magnetic field vector, transverse propagation when the 
wave-normal is perpendicular to the magnetic field. These two cases will be 
referred to here as ‘“‘purely longitudinal” and “‘purely transverse” to distinguish 





GEOMAGNETIC EQUATOR 





Fig. 1. 


them precisely from quasi-longitudinal and quasi-transverse propagation which 
apply when the above conditions hold only approximately. The reason for so 
doing is that the Haselgrove equations are integrable in the “‘pure’’ cases, as will 
be shown below. This comes about from the fact that the term 0 In n?/dy vanishes 
when either y = 0° or y = 90°, as may be readily seen either from the Appleton— 
Hartree formula (in the case of free electrons) or from Htnes’ formula for the 
refractive index (in the case of a proton-electron medium), since the factor sin 2y 
is involved. 
The angle y between the wave-normal and the ray direction is given by 


‘1 dln n? 
nn (4) 


Y —s —arctan (. na , as 
= 
and it is clear that y vanishes when either y = 0 or y = 7/2. Thus ray direction 
and wave-normal coincide for either purely longitudinal or purely transverse 
propagation. 


3. FoRM OF THE REFRACTIVE INDEX REQUIRED FOR 
PURELY LONGITUDINAL PROPAGATION TO PERSIST 


When y = 0, as noted above, 
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and the first two of the Haselgrove equations (1) reduce to 


al ldlinr 
O mn —_ = —-—— - ——— , 
dt 2 dt 


For y = 0, this last equation has the solution 
r =C cos? 0, (7) 
where C = a/cos® 69, in accordance with equation (2). That is, the ray coincides 
with the line of force through 65, provided the third Haselgrove equation, repre- 
senting the effects of inhomogeneity in r and 6, remains satisfied. 
The third Haselgrove equation becomes, for y = 0 and a dipole geomagnetic 
field, 


(6) 


. 1+sin?6 , 1 d1n n? 
:  8in Z1 = 5 sp 008 


1 + 3 sin? 6 
0 In n? 0 In n? 1 + sin? 6 
_ - ig ———— — 


or tan 6 _—— + } oo 3a 
li] : or 1 + 3 sin? 6 
This first-order linear partial differential equation in In n? has the general solution: 
n* 
po 
1 + 3 sin? 0 


sin? @ 


—, li =a.) 
ya 


or in equivalent form, 


2 


n 


1 + 3 sin? 6 ee 6 


sin? 4 


pe 
where f is an arbitrary function. Let 
(sin 6 ‘sin 6\3 (si 
i ig -) = ¢,(—-] J 3 


Then (9) becomes 
n® = O1G4,29(sin 6/r?) 


where G, is the angular electron gyro-frequency defined by 


G, = —5-456 x 10 


a being the radius of the earth (6380 km). 


4. FoRM OF THE REFRACTIVE INDEX REQUIRED FOR 
PuRELY TRANSVERSE PROPAGATION TO PERSIST 


In the purely transverse case y = 90°. Equation (5) again holds but the first 
two Haselgrove equations reduce to 


(13) 
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This equation has the integral 
r =C’ sin’? 9 (14) 


which is the equation of the orthogonal trajectory to the geomagnetic field line (2). 
Thus purely transverse propagation will persist provided the third Haselgrove 
equation remains satisfied. As before, we shall see that this implies a special form 
for the refractive index. 
When y becomes and remains equal to 90°, so that propagation is purely 
transverse, the third Haselgrove equation reduces to 
0 In n2 0 In n? 1 + sin? 6 


cot 6 ——— — 2r 12 


iene meee itl 15 
00 1 + 3 sin? 6 (15) 


This linear partial differential equation has the following general solution: 


ee 6 (n/G.)* 
F; Fae a ] —) = 
/r  cos® 6 
or, what is equivalent, 
nz = A, cos® 6 G,2f(cos 6/r'”) (16) 


5. DiscussIonN AND CONCLUSIONS 


It is known from classical magneto-ionic theory that whenever purely longi- 
tudinal propagation takes place the refractive index will reduce to 


wo,” 


a ee 
i * o(G, — o) 


(17) 
where , is the angular electron plasma frequency, w(= 2zf) is the angular wave 
frequency, and G, is the electron gyro-frequency, defined by equation (12). When 
protons as well as electrons must be taken into account, it can be shown, based on 
Hings’ (1957) formulas that the refractive index for purely longitudinal propaga- 
tion reduces to 


(18) 


Whenever propagation becomes and remains purely longitudinal both (18) 
and (11) must hold. This implies the following relation for each point of the path, 
if purely longitudinal propagation is to persist: 


(o,/0,)? 


a a " 


, | 
2 nn en 2 Ps. Oe. 
C,G,?9(sin 6/r?) = 1 + G G,/G, — ofG, 


6) 


( 


If we adopt the convention (usual in whistler propagation) that o < w,?/|G,|, then 
the above expression becomes, approximately, 


Cgloin afer) = Ser (_*__. 4, Cal). (20) 


—w/G, * @,/G, — o/G, 


oG,3 


The gyro-frequency G, is defined by (12), so that the only parameters at our 
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disposal are w, and , (@, being essentially a multiple, with opposite sign, of G,). 
The electron and proton plasma frequencies are essentially multiples of the corre- 
sponding numerical electron and proton densities per cubic metre, NV, and N,. 
Thus, to satisfy the sin 6/r? dependence required by the left-hand side of (19), 
or (20), V, and V,, must be functions not only of that argument but also of some 
power of G, and G,. Inthe simplest case, when protons are not present in appreciable 


numbers and —w/(G, < 1, (20) reduces to 
€ — 
2 


4 9 : We 5 
Cyg(sin 6/r?) = "ES (21) 


This equation is satisfied only if 
sin 6/r? 
V(r, 0) = — g(sin O/r") 


sc sa Me ; 
X [1 + 3 sin? 6} 


2 ae’ 99 
(5-456 x 108) (22) 


We note that the sin 6 dependence required in (19), (20) or (21) does not exhibit 
equatorial symmetry, while the geomagnetic field lines do show a north-south 
symmetry. However, the sin 6 dependence does express the decrease of electron 
density on the dark side of the earth (in the northern hemisphere). 

In the case of purely transverse propagation the local value of the refractive 


index is given by 


; [x0 —X,) , 50-5)... See 


Ne =1+ ie. 


ys ..4 


Pp 


(Y, —1(Y,* — 1) 


eee 
b+ yeyt 


where 
r 9 9 7 
Ang =. Y,, = G,,/. 
If protons can be neglected, (23) reduces to the usual transverse case of magneto- 
ionic theory. If transverse propagation persists, not only will (23) hold, but so 
also must (16). This yields the condition 


o¢ ] Sead oe 
A, cos®6 G,2f(cos 6/r"?) = 1 + if oe ~ 4 


, Lee | i 
GF ee eae 

This expression also implies that V, and N,, must be functions not only of cos 6/r"” 

but also of the electron and proton gyro-frequencies, in a rather complicated way. 

Even in the case when only free electrons need be considered, so that (23) reduces to 


1—[Y2/(1 — X,)]’ 
the condition is not capable of any simple interpretation. However, letting 


A = A, cos*# G2f(cos 6/r"”), we have the following expression for the electron 
density per cubic metre as a function of r, 6 and G;: 


N, 1 —4A(1 + {1 + 4(1 — A)Y,2/A2}}. (26) 


A, cos®6 G2f(cos 6/r'/?) = 25 
1 ¢ 


6 
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The cosine 6 dependence required by (25) is consistent with equatorial symmetry, 
but is not appropriate to the vicinity of the north geomagnetic pole. 

The severe requirements for purely longitudinal and purely transverse propaga- 
tion imposed upon the electron density and/or proton density profiles by the above 
conditions appear to be seldom, if ever, met in nature. It must be noted, however, 
that these are extreme cases, and the intermediate situations of quasi-longitudinal 
and quasi-transverse propagation may not impose such severe constraints upon 
the electron and/or proton density profiles. In any case tracing of the actual ray 
path appears necessary, if any more than a rough approximation to the full curve 
is desired. For this reason, further determination of the behaviour of the Hasel- 
grove equations “in the large” appears particularly desirable. 


Acknowledgements—The writer wishes to express his gratitude to C. O. H1nzs, 
in particular, for several valuable discussions, and to I. YABrorr for enlightenment 
on certain subtle points in connexion with the Haselgrove equations. 
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Ionospheric thermal radiation at radio-frequencies in the 
auroral zone 


R. L. DowpEn 
Tonospheric Prediction Service, Hobart, Tasmania 


(Received 11 August 1959) 


Abstract—Measurements of the temperature of the ionospheric D-region in the auroral zone from 
observations of 2 Me/s radio noise are described and compared with measurements similarly made in the 
temperate region. The temperatures of the undisturbed and disturbed ionospheres at the two latitudes 
are found to be essentially similar, but the disturbing influence in the auroral zone is probably corpuscular 
rather than ultra-violet radiation. 


1. INTRODUCTION 


In the absence of man-made interference and atmospherics, it has been found 
possible to measure radio-frequency radiation from the ionosphere at medium 
frequencies. 

The temperature of the ionospheric D-region has been previously measured by 
this method at 2 Mc/s in temperate latitudes (PAWSEy et al., 1951; GARDNER, 
1954). In a companion paper (GARDNER and PawseEy, 1953), the absorbing 
structure of the lower ionosphere was determined from D-region echoes to find the 
heights to which the temperature applied. However, it was felt that conditions 
might be very different in an auroral zone. 

Noise level and echo experiments were carried out by the writer at the Aus- 
tralian National Antarctic Research Station at Macquarie Island as a member of the 
1956 party. The apparent D-region echoes were found to be not from the iono- 
sphere, however, but from sea waves (DOWDEN, 1957). The present paper describes 
the radio noise level experiments at 2 Mc/s using a half-wave dipole aerial to pro- 
vide a direct comparison with GARDNER'S (1954) observations in a temperate 
latitude (30°S). 


2. EXPERIMENTAL PROCEDURE 
2.1. Site and aerial 

The site of the experiment was near Hurd Point, Macquarie Island (55°S, 159°E, 
geomagnetic lat. —62°), on peat slopes at the foot of the plateau which forms most 
of the island. The nearest source of man-made interference of any kind was the 
Station, 20 miles north. Its noise was completely negligible at this distance. The 
nearest broadcast stations and atmospherics were several hundred miles to the 
north. 

The aerial used for this part of the experiment was a half-wave dipole (2 Me/s) 
suspended from wires attached to various crags. The aerial itself was about 20° 
off horizontal, about a quarter-wave above the ground (120 ft) and more than a 
wavelength from the cliffs of the plateau. The aerial passed directly over the re- 
cording hut from which it was fed by an 80 Q shielded twin line. Far less trouble 
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from winds was encountered than expected, the mean wind velocity at the site 
being only about half that recorded at the Main Station. 


2.2. Determination of ionospheric temperature 

The equipment used and the recording technique was similar to that described 
by GARDNER (1954). The receiver was automatically connected to a dummy aerial 
for 3 min every 7-5 min by a chronometer operated relay. The sensitivity 
of the recording system was checked with a diode noise generator three times a day. 
The impedance of the aerial was accurately rematched to that of the dummy 
usually once a day. 

The difference ¢t between the noise level produced by the aerial and that by the 
dummy was read from the record in arbitrary units. A typical record showing this 
difference is in Fig. 1. The temperature 7’; of the relevant part of the ionosphere 
can be found from this by an expression of the form: 7; = At + 7. The scale 
factor A is the reciprocal of the product of the sensitivity of the receiving system 
(in recorder units per degree K), the attenuation of the aerial feed and matching 
unit, and the “efficiency” of the aerial. 7’, is the ambient temperature of the 
dummy aerial, provided this is not greatly different from that of the matching unit, 
feed and ground. It was found that the temperature in the recording hut was 
usually within a degree Kelvin of that of the outside air and ground. 

The efficiency of the half wire dipole was calculated from the SOMMERFELD and 
RENNER (1942) analysis using measured values of ground conductivity and aerial 
height. The figure obtained was also checked by the impedance method (GARDNER, 
1954). Fortunately, for an aerial height of about a quarter wavelength, the 
efficiency is nearly unity and varies only slowly with height and ground constants. 
The adopted value was 0-90 -+- 0-05. The total attenuation of matching unit and 
aerial feed was easily measured by the noise generator. 

The errors of reading, sensitivity calibration and matching and those due to 
errors in aerial efficiency and attenuation measurement could be expected to give 
both systematic errors and random errors of about 5°K. 


3. OBSERVATIONS 
3.1. General 
The seven observing periods from May to November (1956) are shown in Table 1. 


Table 1. Observing periods 





Duration 


Period Interval 
(days) 





May—June |; 380 May-—15 June 17 
June—July | 26 June—16 July 

July 20 July—30 July 

August | 23 Aug.—31 Aug. 

Sept.—Oct. | 26 Sept.—17 Oct. 

Oct.—Nov. | 24 Oct.-3 Nov. 

November 13 Nov.—20 Nov. 
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The observations made in the second period (June—July), showed strong inter- 
ference from natural sources and so were not used for temperature measurement. 
During daylight hours random thermal noise was usually the only component seen 
on the “‘aerial’”’ trace—similar in all respects except level to the “dummy” trace. 

Occasionally, local cloud discharges produced small isolated spikes. Atmos- 
pherics propagated by the ionosphere from tropical latitudes were usually not 
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Fig. 2. Histograms of all observations of noise levels for the different observing periods. 

Only those obviously affected by atmospherics or precipation static were excluded. The 
average atmospheric free time (length of observing time) in a day was much larger in the 
summer months than in the winter (see Fig. 3). 
observed until near sunset. Within an hour of their first appearance they were 
usually sufficiently strong to hold the recorder pen off scale continuously. A typical 
record showing this is Fig. 1. The length of observing time (about sunrise to sunset) 

varied from about 8 hr in May—June to 16 hr in November. 


3.2. Observed temperatures 
Histograms of the observed temperatures in each of the observing periods are 
shown in Fig. 2. All observed temperatures have been incorporated except those 
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obviously affected by atmospherics or precipitation static. These can be directly 
compared with temperate latitude observations (GARDNER, 1954). For the un- 
disturbed months both sets of observations show distributions of temperatures 
starting from about 200°K, rising to a maximum around 220—230°K, then a slower 
tailing off to around 260-280°K. This undisturbed component of the distribution 
persists in most of the histograms. The temperatures of these first maxima (usually 
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Fig. 3. Diurnal variation of ionospheric temperature for the different observing periods. 

Only observations unaffected by atmospherics have been considered. Times of sunrise 

and sunset are as indicated. The spread in observations can be gauged from the corre- 
sponding histograms (Fig. 2). 


the modes), for each period in the Macquarie Island observations are usually within 
five or ten degrees of those for the corresponding periods in the Urisino (GARDNER, 
1954) data. Again in agreement with lower latitude results, the temperatures 
observed in the winter periods are lower than those observed towards summer. 
Hourly mean temperatures for each observing period are shown plotted in 
Fig. 3. Only observations unaffected by atmospherics, as gauged by the repetition 
rate and amplitude of the atmospherics, have been used in calculating these means. 
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The spread of observations in each period can be gauged from the corresponding 
histogram in Fig 2. The diurnal variations shown are on the verge of significance. 
This can also be judged from the corresponding histograms. The Sept.—Oct. and 
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Fig. 4. (a). Histograms showing ionospheric temperatures during (i) three hourly periods 
for which K, < 1, (ii) periods for which K, > 6 and (iii) periods of s.i.d.s. 
Fig. 4. (b). Histograms of temperatures for each value of K,. 


the Oct._Nov. periods were fairly undisturbed and also a large number of obser- 
vations were made and so the slight diurnal effect for these two periods is probably 
significant. A slight rise in temperature of about five degrees occurs about noon. 
The temperatures near sunrise and sunset appear higher than those during the day 
by some ten degrees. This may be due to an error in judgement of the effect of 
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weak atmospherics on temperature levels. Another possibility is that, as mentioned 
in a later section, on disturbed days, observed temperatures are higher and the 
absorption of the D-layer is higher so that the onset of atmospherics occurs later. 
Hence on these days values unaffected by atmospherics can be made nearer sunrise 
and sunset (as happens in the November period) so that at these times the means 
may not be truly representative. 

A much larger effect of higher temperatures during early morning and late 
afternoon (about 50°) at Urisino and a still larger one at Rankin Springs (GARDNER, 
1954) has been attributed to man-made interference propagated via the ionosphere. 
Consequently, the effect should be less at a site more remote from this interference 
as at Macquarie Island. 


3.3. Temperatures observed during disturbed periods 

During the November period some severe magnetic storms occurred. Two 
maxima are seen in the histogram (Fig. 2), suggesting a disturbed component. To 
separate this component histograms were computed of temperatures observed 
during quiet periods (three hourly periods for which the magnetic planetary index 
(K,) was <1), three hourly periods for which K, > 6, and during sudden iono- 
spheric disturbances (s.i.d.s). This is shown in Fig. 4(a). The correlation of 
observed ionospheric temperature with K, is quite significant and sufficient to 
show up in a temperature—K,, plot as shown by the plotted histograms in Fig. 4(b). 
Up to about K, = 5 the temperatures appear undisturbed but are increased by a 
further increase of K,. 

The effect of s.i.d.s, however, does not appear significant. This may partly 
be due to competition with magnetic disturbances occurring at about the same time. 


Also by an unhappy chance the equipment was not operating during many of the 
large s.i.d.s so that information is limited. At the Urisino site, GARDNER (1954) 
reported ‘“‘a very definite rise of about 40°K during an s.i.d.” This is not observed 
at Macquarie Island. 


3.4. Non-thermal noise 


As mentioned above, owing to the remoteness of the site, no trouble was ex- 
perienced with man-made interference and comparatively little from atmospherics. 
The other forms of atmospheric noise listed by GARDNER were observed, viz. rain 
static, cloud static and wind static. In addition snow static was occasionally 
observed. This is aurally similar to rain static, but the intensity can be several 
orders of magnitude greater. The noise from sufficiently distant snow storms 
appeared quite random or “white” and at low enough intensities to appear as 
slowly varying increases of apparent temperatures (100°K) lasting for an hour or so. 

The above spurious noise was easily recognized and ignored. A more serious 
type of non-thermal noise occurred in mid-winter. This produced an excess 
temperature of 50°K to 100°K or more for several days at a time. Because of this, 
the May—June histogram (Fig. 2) is strongly spread and shows temperatures above 
300°K. In the June—July series (which was not used for temperature measurement 
for this reason) the apparent temperature was above ambient (280°K) all day for 
10 days out of the 16 days observed. 
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Fig. 5. Histograms of observations of apparent temperatures made using 400 m “‘long 
wire”’ aerial tilted 34° to the south. 


Measurements carried out at 2-0 Mc/s and 450 ke/s using a southerly directed 
“long wire’ aerial showed that this excess noise came from the south and that it 
was much stronger (2000°K) at 450 ke/s (Fig. 5). At 450 ke/s a weak negative 
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correlation with the magnetic index (K,) was found indicating that the noise is 
reduced during disturbed periods. During mid-winter at Macquarie Island, the 
elevation of the sun is only 12° at noon. Consequently at this time of the year, the 
night side of the earth is never more than about 1250 km distant. It is suggested 
then that intense radiation incident on the night side of the earth might travel 
beneath the ionosphere to Macquarie Island with sufficiently weak attenuation to 
produce the observed noise levels. The stronger noise at 450 ke/s might be due to 
less attenuation at this frequency and the reduction of noise during disturbed 
conditions (high K,) suggests increased attenuation. 

At a frequency of 2 Mc/s the equivalent temperature of cosmic noise is of the 
order of 107 °K (Ex.is, 1957). Near the edge of the night hemisphere the ionosphere 
would probably be transparent to this noise. For frequencies much below | Me/s 
ELLs (1956) has shown that observations of cosmic noise are unlikely. However, 
REBER (1956) reports night-time temperatures of about 10°°K at 520 ke/s. 
Hence intense radiation is incident at night at both frequencies, so we now consider 
attenuation for propagation beneath the ionosphere. ELuis (1958) has considered 
such trapping of noise and its subsequent propagation by hop transmission for 
large horizontal distances. The attenuation with distance for several ionosphere 
power reflection coefficients is given in his Fig. 11. If we now take the reasonable 
reflection coefficients of 0-01 at 2 Me/s and 0-5 at 450 ke/s and the initial noise 
temperatures of 10? °K we can expect excess noise at Macquarie Island during mid- 
winter days of about 107 °K at 2 Me/s and 103 °K at 450 ke/s. 


3.5. Observations at 5-6 Mc/s and 7:0 Mc/s 

These measurements were made with the long wire aerial mentioned above. 
The 5-6 Me/s histogram (Fig. 5) is not significantly different from the 2 Mc/s dipole 
one for Sept.—Oct. (Fig. 2). At 7 Mc/s the temperatures appear about ten degrees 
lower, which is barely significant. Cosmic noise was apparent at 7 Mc/s when the 
critical frequency of the F-layer (f, 2) went below 7 Mc/s. The very high intensity 
of cosmic noise made it easily recognizable, so that it has not been included in the 
noise levels scaled for temperature measurement. 


4. Discussion 


Although a considerable volume of the ionosphere contributes to the measured 
temperature, it can be shown (PAwsEy et al., 1951) that only a small range of 
heights, about 10 km, contributes appreciably. Physically, the ionosphere is too 
opaque for the aerial to “‘see’’ beyond this range of heights and too transparent for 
it to “‘see’ any ionosphere below it. To a first approximation, therefore, the 
measured temperature may be taken as that of a certain level of the ionosphere 
corresponding to the “‘optimum opaqueness”’ of the ionosphere which depends on 
the electron density ' and collision frequency v. If either N or y is increased the 
optimum opaqueness will occur at a lower level. Rocket measurements (Rocket 
Panel, 1952) show that the temperature of the ionosphere varies with height so that 
we would expect a variation of NV or y to produce a variation in measured tem- 


perature. 
The diurnal variation of the height of the D-region has been investigated by 
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BRACEWELL et al. (1951), with reflections of very long radio waves and found to fit 
the formula: 


h, = h,_» + A(é) In sec x 


where 7 is the altitude of the sun and A(t) is a constant having the value of about 
six during the equinoxes. They also found a difference between the summer and 
winter noon heights and a sharp decrease in height during an s.i.d. (sudden phase 
anomaly). Using this, the expected diurnal height variation during an equinox at 
Macquarie Island together with summer and winter and s.i.d. effects is shown in 
Fig. 6. The temperature scale on the right was taken from the Rocket Panel (1952 
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Fig. 6. Diurnal variation of the height of the D-layer at the equinoxes. Midday summer 

and winter heights are shown dotted. The temperature scale on the right was compiled 

from the Rocket Panel curve. The height decrease during a sudden phase anomaly 
indicates the temperature rise expected from an s.i.d. 


temperature-height curve which is approximately linear in the height range 
53 km to 74 km (210°K to 270°K). 

Consider the possibility that all the variation of observed temperature is due 
to variation in electron density (as indicated by height measurements at very low 
frequencies) alone. The predictions of this hypothesis and the experimental results 
are compared in Table 2. The general agreement here is quite good. The predicted 
diurnal variation barely shows up probably owing to the atmospheric effect dis- 
cussed in Section 3. A somewhat stronger temperature rise occurs during disturbed 
periods than that predicted. This was also the case during s.i.d.s at Urisino (40°K). 
For large increases of ionization, however, the optimum opaqueness level, being a 
function of V and », is depressed more than the isopyc* since the collision frequency 
v increases exponentially with decrease in height, giving a stronger rise in measured 
temperature. 

At 5-6 and 7 Me/s the temperatures were much the same (within the expected 
error) as the 2 Mc/s measurements. However, at these frequencies the D-region 


* isopyc: surface through points of equal electron density. 
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is much more transparent so that there is no longer a thin layer of “optimum 
opaqueness”’ responsible for most of the temperature contribution. This situation 
is apparent from the principle of detailed balancing. Suppose the aerial is radiating 
power towards the ionosphere. At 2 Mc/s the absorption is very high and most of 
the power will be absorbed in a relatively thin layer. At 7 Mc/s though, probably 


Table 2 





Fixed temperature—height 
hypothesis 


Experiment 


Mid-summer temp. : 2 November: 23 
Equinox temp. : 225° Sept.—Oct. : 22 
Mid-winter temp. : 21! July 22 


- 


e 





Noon temperatures, some About 5° difference 
10—15° higher than early (Oct._Nov. series) 
morning and late afternoon. 








Rise of 15—20° during an s.i.d. | 40—50° during strong 
magnetic activity 





only about half of this power would be absorbed on the ray’s first trip through the 
D-region. If we assume that the reflection coefficients of the F-layer and “ground”’ 
(in this case the Southern Ocean) are both unity, then all the power will ultimately 
be absorbed in the D-region but the depth of ionosphere responsible for (say) 
90 per cent of the absorption might include the entire D-region. The temperature 
measured would then represent an average one for the whole region. 

Large increases in measured temperature and anomalously high absorption are 
strongly correlated with high K, values. Both of these effects are probably due to 
large overall increases of D-region ionization produced by auroral particle bombard- 
ment. The apparent temperature increases have been explained above. If we 
make the simplifying assumptions that most of the absorption occurs in a relatively 
thin stratum, and that the various factors governing the absorption do not vary 
appreciably within this stratum, we find the total absorption p in nepers at fre- 
quencies greater than the collision frequency v and the gyro-frequency f, is given 


by: p =ONWMf + fi)” 
where C is constant. 

Since the absorption decreases rapidly with frequency it is often measured on 
ionospheric soundings in terms of the lowest frequency for which echoes are re- 
ceived (fmin). During daylight hours fmin is around 2 Mc/s on undisturbed days but 
rises to around 10 Me/s or more during highly disturbed conditions. Since the gyro- 
frequency f,, is about 1-5 Mc/s it is seen that at any given frequency the absorption 
and thus the product N,v must increase by a factor of about 10. 
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The collision frequency at any given height is unlikely to change by more than 
some per cent (since y oc 7/2), but as a function of height we find an exponential 
relation, so that at a height 20 km lower the collision frequency is some ten times 
higher. In order to explain increases of apparent temperature of from 40° to 50° 
during strong magnetic activity we required a height depression of isopyes of some 
15 km (see Fig. 6). Owing to the limited region for which the slope of the tempera- 
ture—height curve (Rocket Panel) is negative a further height decrease would not 
have given a further temperature increase. Hence during severe magnetic activity 
we might suppose that the overall ionization of the D-region is increased sufficiently 
to depress the lower isopyes by some 20 km. For each isopye then, the collision 
frequency effectively increases some ten times so that the total absorption in- 


creases by about this amount. 


5, CONCLUSIONS 

The temperature of the lower ionosphere has been measured in an auroral zone, 
using similar techniques to those used by GARDNER (1954) in a temperate region. 
The temperature range and seasonal variation of temperatures have been found to 
be the same as in a temperate region. Owing to the much lower intensity of 
atmospherics and complete freedom from man-made noise. temperatures have been 
measured from sunrise to sunset, and the higher temperatures during early morning 
and late afternoon in GARDNER’s results were not apparent. The observed tempera- 
ture variations can be similarly explained in terms of a fixed temperature height 
scale. 

No large increases in temperature have been observed during s.i.d.s, but during 
strong magnetic activity temperatures have been found up to 50° above normal. 
This, and the very large increase in absorption (“polar blackout’’) experienced in 
auroral latitudes during magnetic storms is thought to be due to bombarding 
auroral particles causing a strong increase in ionization and thus a descent of the 
region of absorption to levels of much greater collision frequency rather than a 
direct heating effect caused by these particles producing higher collision 
frequencies. 

For temperature measurements by this method the optimum frequency appears 
to be around 2 Mc/s. At much lower frequencies measurements can be con- 
taminated by noise trapped from the night hemisphere and at much higher 
frequencies the D-region becomes too transparent for temperature measurements 


in a narrow height range. 
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Abstract—The propagation of extraordinarily polarized waves in the ionosphere is discussed. It is shown 
that the properties of highly retarded F'-region echoes sometimes observed at frequencies just below the 
gyro-frequency may adequately be explained if they are caused by the reflection of the X-wave at the 
normal extraordinary reflection level. 

Anomalous M-type multiple echoes and the mixed polarization of the echoes previously observed 
which had led to other explanations are interpreted in terms of mode change as a result of coupling in 
the E-region. The analysis shows that the zenith angle of arrival of the gyro echoes is not zero and 
increases as the gyro-frequency is approached. 

Observations of gyro echoes at frequencies up to 1-51 Me/s are described. It is found that there is a 
strong correlation between the occurrence of gyro echoes above 1-45 Me/s and of sporadic-E echoes. 


1. INTRODUCTION 4 


Ir has long been known that it is possible to observe, occasionally, F-region 
ionospheric echoes with virtual heights which increase to large values in the 
vicinity of the gyro-frequency. The ionosonde record of Fig. 1 shows an example. 
Some uncertainty still exists concerning the mechanism responsible for these 
echoes (RATCLIFFE, 1959) and, in the past, several conflicting explanations have 


been proposed. 

Martyn and Munro (1938) have suggested that they result from the reflection 
of the ordinary wave at the “fourth level of reflection’’ where the refractive index 
becomes infinite (X = (1 — Y?)/(1 — Y,?) in Rarciirre’s notation). In these 
circumstances they expected that the virtual height of the echoes would increase 
to infinity as the wave frequency increased to f,, cos 0) where 6, is the zenith angle 
of the geomagnetic field. More recently, however, BUDDEN (1954) has shown that 
reflection does not occur at a refractive index infinity. 

APPLETON, et al. (1938) proposed that the gyro echoes are produced by the 
reflection of the extraordinary wave at the level X = 1 + Y where the X-mode 
refractive index is zero. The frequency of infinite virtual height should then 
approximate to the gyro-frequency in the F-region. APPLETON et al. observed 
that the echoes were extraordinarily polarized although independent observations 
of Martyn and Munro showed that they had mixed ordinary and extraordinary 
polarization. 

According to this latter hypothesis the major part of the total group delay 
should occur between the H#-layer and the ordinary level of reflection in the 
F-layer. However, BooKER and BERKNER (1938) published an ionosonde record, 
obtained at Washington D.C., showing anomalous multiple echoes associated with 
gyro echoes where successive reflection at the F-layer after upward reflection of a 
downcoming gyro echo at an £,-layer did not produce any additional large group 
delay. Booker and BERKNER therefore considered that the region producing most 
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Fig. 1. Ionosonde record showing gyro echo up to 1-5 Me/s. 
Hobart, 0110 hours 17 May 1946. 
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of the group delay was below the #,-layer. They observed that the greatest 
frequency of their gyro echoes was 1:38 Mc/s. Since at Washington the gyro- 
frequency at 100 km is about 1-55 Mc/s they proposed that the ‘‘Lorentz polariza- 
tion term” should be used in deducing the Appleton—Hartree refractive index 
formula. When this term is included the virtual height of a gyro echo should 
increase to infinity at the so-called Lorentz frequency which at Washington is 
0-85 f,, or 1-32 Me/s at 100 km. Booker and BERKNER showed that an additional 
correction for the effect of heavy ions could increase the maximum frequency of 
the echoes to 1-38 Mc/s. 

Subsequently Martyn and Mer NRO (1939) identified multiple echoes of the 
F + E, type which showed no additional large group delay and thus it appeared 
that the retarding region was not below the £,-layer. 


THE ANOMALOUS MULTIPLE ECHOES 


If it could be shown that the anomalous multiple echoes and the mixed polariza- 
tion of the gyro echoes result from extraordinary wave propagation, the main 
objection to the interpretation of APPLETON ef al. would be removed and it would 
then be useful to examine in more detail how this interpretation agrees with the 
other observed properties of the echoes. 

The M-type multiple echoes may be explained simply in terms of coupling in 
the #-layer. It is known (RypBEcK, 1951) that, with a high collision frequency 
and a strong electron gradient, mode coupling can occur at the ordinary level of 
reflection (X = 1). It is possible, therefore, for a down-coming extraordinary wave 
from the F-layer to be reflected back at the sporadic H-layer as an ordinary wave. 
The second reflection at the F-layer will be at the ordinary level and the total 
virtual height of the resulting multiple echo will be equal to the virtual height of 
the F', echo plus the difference between the virtual heights of the Fy and EL, echoes, 
as is actually observed. 

Mixed ordinary and extraordinary multiple reflections between F- and £,- 
layers of this type can only occur below the gyro-frequency. Above the gyro- 
frequency the extraordinary wave is reflected when X = 1 — Y and cannot reach 
the coupling level X = 1 so that polarization reversal through reflection cannot 
occur. The different possible magneto-ionic components when ‘coupling j is included 
have been discussed by PFiIsTER (1953). These components are listed in Table 1, 
where D, A and B refer to reflection processes at the levels, X = 1 — Y, X = 1 
and X = 1 + Y, respectively, and C refers to a coupling process of the X = 1 level. 
Fig. 2 illustrates the different possible refractive index paths. We may estimate 
the reflection coefficients of the different components for a given model, using the 
coupling transmission coefficient of RYDBECK. 


Tox = exp {—)j J(mz — No) dz} 


where n, = x-mode refractive index at X = 1; 
No = O-mode refractive index; 
Z = complex height co-ordinate. 


The reflection coefficient then is given by the attenuation into and out of the layer 
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together with the attenuation through the ordinary to extraordinary coupling 
process where there is a mode change. 

The reflection coefficients of the different magneto-ionic components for a 
model of the /,-layer are given in Table 2. It is interesting to note that an extra- 
ordinary wave is more likely to be reflected as an ordinary wave via a mode change 
than as an extraordinary wave. This is because with the assumed model, the 
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Fig. 2. Variation of refractive index with electron density below the gyro-frequency. 


attenuation of the ordinary mode and of the coupling process is small while that of 
the extraordinary mode in the region between X = 0 and X = 1 is large. The 
reflection of an extraordinary wave without a mode change means that it travels 
twice through this highly attenuating region compared with only once if it is 
reflected as an ordinary wave. 


Table 1. Reflection processes of the possible magneto-ionic 
components when coupling is included 





i <fu f>Sun 


O> A= oO X—> D—X 

X—> B-+-X O—-A—O 
O-A>-C-xX O-—-C->B>-C—-O 
X—>B-+-C-O 

O—C—>-B-C-O 





3. POLARIZATION 


The possibility of mode change also provides an explanation of the mixed 
polarization of the echoes observed by Martyn and Munro. If the critical 
frequency of the £,-layer is less than the wave frequency there will be no coupling 
level (X = 1) inthe £,. An extraordinary wave would then penetrate the #,-layer 
without mode change and the polarization of the echoes would be extraordinary. 
Also there could be no anomalous /-type echoes. If the F, critical frequency is 
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great enough to cause reflection of the X-mode {f)F, > \/(f? + ffj7)} then it is 
possible for transmission still to occur through gaps between F, clouds, again 
without mode change. The polarization of the F-region gyro echoes would 
be extraordinary but mode change of downcoming waves reflected back at the 
E,-layer could produce anomalous multiple echoes. 

With the £, critical frequency in the range f < f)#, < \/(f? + ff) transmission 
of the X-mode and reflection of the O-mode would occur and an extraordinary wave 
incident on the E-layer could be reflected or transmitted as either an extraordinary 


Table 2. Reflection coefficients of the different magneto ionic com- 
ponents for the following model of #,-layer: scale height, 1 km; gyro- 
frequency, 1:57 Mc/s; wave frequency, 1-35 Me/s; collision frequency, 
5 x 104/sec; plasma frequency, 3 Me/s; inclination of geomagnetic 
field, 18°. (The mode coupling transmission coefficient Tg = 0-618.) 





Reflection path saeresisenn 
coefficient 


O—+-A—>O 0-496 
X—> B+ X 0-0067 
O-A>~C>X 0-058 
X—> B>-C—O 0-497 





wave or an ordinary wave or both by coupling processes at the X = 1 levels. 
Anomalous M-echoes would still be produced and the normal gyro echo would have 


mixed ordinary and extraordinary polarization. Using the model of Table 2 the 
ordinary polarization would predominate. However, leakage of the extraordinary 
wave between £, clouds could produce a net extraordinary polarization. 


4. EXTRAORDINARY WAVE PROPAGATION 
NEAR THE GYRO-FREQUENCY 

To see how well the X-mode hypothesis of APPLETON et al. corresponds with 
the upper frequency limit of actual gyro echoes it is first necessary to analyse the 
propagation of extraordinary waves in typical circumstances, for wave frequencies 
near the gyro-frequency. The Lorentz polarization term will be omitted. 

The condition for infinite extraordinary refractive index and therefore infinite 
group height (BUDDEN, 1954) is 


1—X 


pa ernie eas § = propagation angle 
1 — X cos? 6 ( propas ste) 


¥ 

However, the situation is complicated by the variation of Y, 6 and X along the 

ray path. Near the gyro-frequency small changes in the magnetic field intensity 

can produce large changes in the refractive index. As the wave travels upward 

into the ionosphere both the field intensity and the electron density will change, 

and since equipotential surfaces of the geomagnetic field are not in general parallel 
to surfaces of equal electron density the medium is doubly inhomogeneous. 
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The analysis of propagation in such a medium is complicated, and here we 
divide the propagation path into three height ranges in which the field intensity 
and the electron density do not both vary. If the wave frequency is in the vicinity 
of the gyro-frequency in the F-region, then in the H-region the variation in the 
geomagnetic field intensity will be unimportant and we can assume that only the 
electron density varies. Between the H- and the F-regions we assume the electron 
density to be constant and that the field intensity varies. In the F-region below 
the X = 1 level the direction of group propagation will be almost perpendicular 


Collision frequency, sec! 


io. ao? 107 10° 108 











2 3 . 5 
Electron density, 10%cm> Gyro frequency, Mc/s 


Fig. 3. Model of ionosphere assumed for calculation of extraordinary wave propagation. 
Inclination of geomagnetic field 18°. 


to the field direction and the field intensity can again be considered to be constant. 
Above the X = 1 level the wave polarization will be ordinary and field variations 
will have a negligible effect on the refractive index. 

Fig. 4 shows the ray paths calculated in this way from the model of Fig. 3 
using the Appleton—Hartree refractive index theory (see, for example, FoRSGREN, 
1951). As the frequency is increased the ray path for vertical incidence deviates 
more and more towards the nearer magnetic pole until it lies almost entirely in the 
magnetic equipotential plane passing through the zenith of the transmitter and 
the lower boundary of the ionosphere. Thus the rate of decrease in field strength 
along the ray path is much less than if the path in the ionosphere were vertical. 
This has the effect of permitting X-mode propagation to occur at all frequencies 
up to the gyro-frequency in the lower /-region. 

A second property of the ray path results from the stratification of the medium 
in the E—F-region along the inclined equipotential planes of the geomagnetic field. 
A ray vertically incident at the H-layer will be obliquely incident at the E—F- 
region and after reflection in the F-layer, will not return to its point of origin. 
However, it is possible to find ray paths which do return, and in general they will 
have a non-vertical angle of arrival at the transmitter. The angle of arrival will 
increase as the frequency is increased (Fig. 5) and for the same vertical distribution 
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of ionization, will be greater if the inclination of the magnetic field is greater. 
If the total group height is calculated it is found that most of the additional 
group delay compared with the O-mode occurs in the H—F-region and it has been 





300 











-100 ce) 


North-South horizontal distance from transmitter, km 


Fig. 4. Ray paths calculated using model of Fig. 3. 
Wave frequency 1-50 Me/s. 


shown by J. M. Warts (private communication) that the X—O virtual height 
difference provides a measure of the total electron content below the F-region. 


Although the group height increases rapidly with frequency it does not do so as 
rapidly as is the case, for example, with O-wave penetration of a parabolic layer. 
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Fig. 5. Variation of angle of arrival of gyro echoes at the transmitter with wave frequency 
for two different heights of the base of the F’-layer. 
As a result the group height frequency curve still has a finite slope even for large 
group heights. In practice this means that the maximum frequency at which 
echoes are observed will depend on the height range of the particular pulse 


equipment used. 
Fig. 6 shows the variation of group height and total attenuation with frequency 
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for the model of Fig. 2 and also the effect of increasing the thickness of the E—F- 
region. It can be seen that for a maximum virtual height of 1000 km the maximum 
observable frequency should be somewhat greater than 1-4 Mc/s. There should be 
marked reduction in the maximum frequency as the height of the base of the 
F-layer is increased and it is important to note that this results mainly from the 
increased virtual height of the gyro echoes rather than from the decrease in the 
gyro-frequency at the level of reflection. 
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Fig. 6. Group height and attenuation of the X-mode vs. frequency calculated using the 


? 


model of Fig. 3. The group height curve obtained with the F-layer base at 300 km is 
also known. 
5. OBSERVATIONS 

The parameters of the geomagnetic field chosen from the analysis of the previous 
section were those for Hobart, Tasmania, (geomagnetic latitude 51°) and a survey 
of Hobart ionosonde records showed that there were many examples of good gyro 
echoes which could be traced on the records up to virtual heights of 800 km to 1000 
km and to frequencies of 1-5 Mc/s. All occurred during the early hours of the 
morning when broadcast stations in the Australian area were not transmitting. 
The best examples were found in the records for 1946 when the ionosonde was 
operating with large cage dipole antennae which had a natural resonance in the 
vicinity of 1-5 Me/s. 

Fig. 7 shows a plot of the observed maximum frequency of the echoes against 
the virtual height of the F-layer ordinary trace at 1 Mc/s together with the two 
theoretical points obtained from the 1000 km level of the h’f curves of Fig. 5. 
It can be seen that the observed frequencies agree well with those expected from 
the analysis based on the assumption that the echoes are due to reflection of the 
extraordinary mode. 

Nevertheless it is surprising that the echoes can be observed at all at the 
higher frequencies in view of the large attenuation (Fig. 5) and an inspection of 
Hobart ionosonde records shows in fact that the great majority of gyro echoes fade 
out at about 1-2 Mc/s. They are observed to extend to higher frequencies only 
when sporadic-# forms, a sequence of records taken every 10 min usually showing 
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the onset of higher frequency gyro echoes and sporadic-E on the same record. 

Fig. 8 shows, for example, a histogram of the occurrence of gyro echoes above 
1-45 Mc/s at Hobart in January 1946 with the critica] frequency of the Z,-layer. 
No echoes extended to this frequency range in the absence of E, or when /,£, 
exceeded 6 Me/s. 
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Variation of the maximum wave frequency of gyro echoes with height of ordinary 
echoes at 1 Mc/s observed at Hobart during 1946. 
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Fig. 8. Histogram showing the close association between gyro echoes above 1-45 Mc/s and 
the E, critical frequency. Obtained from Hobart ionosonde records for January 1946 
between the hours 0100 and 0500. The total number of records examined was 746. 


The reason for this is not certain although it may be due to a rearrangement of 
electron density between the H—F-region and the £,-layer. A sudden decrease in 
the density in the H—F-region would reduce the total attenuation of the gyro 
echoes while a moderate increase in f)#, need not increase it. Clearly if f)H, 
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increased sufficiently, blanketing of the F-layer would occur and no gyro echoes 
would be observed. 
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Abstract—Observation of sporadic-# clouds with a rotating-aerial back-scatter sounder enables a greater 
sample of EZ, clouds to be studied than does the use of a vertical incidence sounder, and permits the size, 
location and movement of clouds to be estimated. Limitations are introduced by finite aerial beam- 
width and skip-distance effect. Multi-frequency operation eliminates the latter defect, and also permits 
ionization to be measured. 

Results obtained during the IGY with a single-frequency rotating-aerial sounder are presented, 
showing the diurnal, seasonal and geographical characteristics of H, occurrence. On particular occasions, 
movements have been tracked and under favourable conditions, the size and ionization of the clouds 
determined. 

Eariler results obtained with a fixed-direction aerial and multi-frequency technique show similar 
diurnal and seasonal trends, and illustrate the possibilities of the variable-frequency facility for simul- 
taneous measurement of cloud size and ionization. 


1. INTRODUCTION 


Most measurements of sporadic-# ionization have been made with vertical 
incidence sounders, and the spatial distribution has been obtained by correlating 
results from a number of these equipments distributed throughout the world 
(SmitH, 1957). This paper, however, deals with observations at one site (Slough) 
using the back-scatter technique (VILLARD and PETERSON, 1952; SHEARMAN and 


MarTIN, 1956) which provides data on the occurrence of #, within 600-700 km of 
the site. 

The technique consists in transmitting, from a directional aerial, radio- 
frequency pulses which “illuminate” regions of the earth after reflection from the 
ionosphere; the signals scattered back along the outward path from the illuminated 
ground irregularities are received on the same aerial and displayed on cathode-ray 
tubes. The time delay between transmitted pulses and received echoes is a measure 
of the range of the illuminated ground area. This range enables propagation by 
way of EF, ionization to be distinguished from other modes of propagation, and, 
assuming that the reflection point on the Z£, cloud lies half-way along the path to 
the ground, permits the range of the reflecting ionization to be deduced. 

During the IGY. continuous recordings of back-scatter were made at Slough on 
Regular World Days. A horizontal Yagi aerial was used for transmission and 
reception at 17 Mc/s, and rotated about a vertical axis in synchronism with the 
rotating time-base of a plan position indicator (P.P.I.). Records were obtained by 
photographing the P.P.I. display at intervals of 1 min on ciné film. 

In this paper the interpretation of the records is discussed and the limited 
statistical data on geographical, seasonal and diurnal occurrence of 2, which they 
provide is summarized. The formation and movement of the #, clouds on a few 
occasions is described in more detail, as the P.P.I. presentation is particularly 


adapted to this type of observation. 
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The statistical information is amplified by a summary of some earlier back- 
scatter observations, in which a rhombic aerial was directed towards the east and 
the echoes studied as a function of time, range and frequency. These results, 
though lacking the directional information provided by the P.P.I., illustrate the 
potentialities of the multi-frequency technique for distinguishing between /, and 
other modes of propagation, and for measuring simultaneously the range and 
critical frequency of an F, cloud. 


$ 


2. EQUIPMENT 


In the both rotating and the fixed-aerial observations, pulses of 100 kW peak 
power and 100 usec duration were transmitted at a rate of 123/sec. The back- 
scatter echoes were presented on a time-base calibrated in terms of the slant-range 
of the illuminated ground, free space velocity of propagation being assumed. Two 
forms of display were used: (a) the echoes were shown as vertical deflexions of a 
horizontal time-base trace (range—amplitude display); (b) when the rotating aerial 
was used, the echoes were also shown as blacked-out portions of a radial time-base 
rotating in synchronism with the aerial (P.P.I. display). 

Sample records of the two displays are shown in Figs. 1 (a) and (b). In the 
rotating aerial observations, the range—-amplitude records were used merely as an 
aid to the interpretation of the P.P.I. records,while in the fixed azimuth aerial 
experiments the range-amplitude records were the only source of information. 
The interpretation of the two types of records together with the results obtained 
from them are discussed separately in Sections 3 and 4. 

Further details of the equipment used in these experiments has been published 
elsewhere (SHEARMAN and Martin, 1956). 


3. Rotatina AERIAL OBSERVATIONS 


The echo-pattern produced on the plan position indicator when #, echoes are 
being displayed is influenced by instrumental and propagation factors, and an 
analysis of these is necessary before information about the size and ionization of the 
E. cloud can be deduced. 

In the sample record of Fig. 1 (b), a dark area is shown covering bearings from 
180° to 260° and extending from a radial distance of 400 km to 800 km. The 
azimuthal spread here is determined by the size of the #, cloud and by the beam- 
width of the aerial; a typical correction for the latter would involve a reduction of 
about 100° in the azimuthal spread, the precise amount depending on the echo 
amplitude. Similarly the upper limit of radial distance which is observed will 
depend on the vertical radiation pattern of the aerial, on propagation factors, and 
on the scattering parameters of the ground. All these factors cause a rapid attenu- 
ation of echo amplitude with increasing range above, say, about 1500 km. To take 
account of these factors, a detailed examination of the echo amplitudes from range— 
amplitude records which correspond to the echo-patterns on the P.P.I. is required, 
and precise calibrations of the equipment are involved. For the purpose of this 
paper a simpler approach has been adopted, the centre bearing of the echo path, 
and the minimum and maximum ranges at this bearing being used in the analysis. 
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Fig. 1. (a) Example of range-amplitude display; (b) Example of P.P.I. display. 
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3.1. Theoretical discussion 

The presence of a sufficiently dense cloud of £, ionization within a few hundred 
kilometres of the observing site would be expected to produce a dark area on the 
P.P.I. display as shown in Fig. 1 (b). It will be useful to consider the form of dis- 
play to be expected during the formation or movement of such a cloud, assuming 
it to be in the form of a thin layer. A simple relationship then holds between the 
minimum slant-range r observed (distance via reflecting layer to illuminated 
ground), the critical frequency f,, and the operating frequency f, namely 


fp r/4+2kh+h (1) 
f 
where R = radius of earth; 
h = height of reflecting region. 
From this equation, the relationship between f, and r for a frequency f of 17 Mc/s, 
and heights A of 100 and 120 km has been calculated and used in the analysis of the 


P.P.I. results. 
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Fig. 2. Hypothetical echo movements—small cloud. 


If a small £, cloud were to form at a suitable distance, it would first show as a 
narrow are on the P.P.I. display (the azimuthal spread being due to aerial beam- 
width). A movement towards the observer would show as a corresponding inward 
movement of the echo, until a certain minimum range were reached, when the echo 
would disappear as the critical angle of incidence for layer penetration was reached: 
this is shown in Fig. 2 by the sequence la, lb, le. If the movement continued, 
the echo would appear again when its range exceeded the critical value in the 
reverse direction. A cloud moving from west to east but passing south of the 
observer would show as the sequence 2a, 2b, etc. 

The formation of a larger ZH, cloud would result in the growth of a correspond- 
ingly larger echo area, while movement towards the observer might give a sequence 
of echoes as in Fig. 3. As the angle subtended at the observing point and the echo 
amplitude increased, the azimuthal spread would increase, until eventually the 
echo would disappear at the critical range. It can be seen that an even larger 
cloud, as it crossed the critical range, might depending on the shape of the cloud, 
appear as two subsidiary echoes to either side; alternatively. the range of azimuths 
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over which it is observed may increase to 360°, giving an annular echo around the 
critical range. 

The above examples have assumed the formation of a cloud with a fixed critical 
frequency, well outside the critical range corresponding to this frequency. If, how- 
ever, a sufficiently large cloud forms gradually (increasing critical frequency) near 
to the observer, its observable range will extend from the critical range outwards, 
and this critical range will decrease with time. Thus an apparent inward movement 
will be observed, and may only be distinguishable from an actual movement by the 
constancy of range of the outer edge. 


___Critical range 


Fig. 3. Hypothetical echo movements—large cloud. 


By applying the considerations described above to the observed echo patterns, 
it has been possible on particular occasions to estimate the size, critical frequency, 
and movements of regions of #, ionization. 


3.2. Method of analysis 

P.P.I. displays were obtained at 1 min intervals throughout the Regular World 
Days of the IGY, with the primary object of recording as many modes of propa- 
gation as possible at 17 Mc/s. Some of the records showed echoes of range 
between 300 km and about 1500 km which appeared to be due to #, propagation; 
the times of occurrence of these were noted. They were described by noting at 
intervals of a few minutes (i) the azimuthal extremes of each echo, (ii) the minimum 
and maximum slant-range at the centre azimuth. At the times of the experiments, 
the range-amplitude display was photographed hourly for north, south, east and 
west bearings of the aerial to provide data on echo amplitudes. 

The range and azimuth data were plotted against time of day. The formation 
and movement of echoes were followed by examination of these graphs, and by 
ciné-projection of the P.P.I. displays to speed up the time-scale of events. 


Results 


Statistical data from P.P.I. displays. From August 1957 to December 1958 
observations were made on fifty-eight days, and echoes due to sporadic-H 
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propagation were seen on twenty-seven of these. The dates and times (GMT = UT) of 
occurrence of the echoes are shown in Fig. 4; the seasonal distribution is evident, 
and echoes appear mostly in the day-time. The limited data suggest a more frequent 
occurrence in the mornings, but are obviously inadequate for providing detailed 
statistics. 
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Fig. 4. Time of occurrence of £,. 


To demonstrate the distribution of echoes, and consequently of FZ, ionization, in 
azimuth, a polar plot is shown in Fig. 5 for the months of May and June 1958. 
Each point corresponds to the minimum slant-range and the azimuth of echoes seen 
at 4 hr intervals on 18, 19 May, and on 9, 17, 18 and 24 June. The greatest 
concentration of echoes is seen to be in the southern semicircle, with no significant 


bias to west or east. 
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The radial distance of the points from the origin will be determined partly by 
the critical frequency of the ionization, and partly by its actual distance from the 
observing site. The closest approach, however, should be determined by the maxi- 
mum critical frequency, which, for an ionized region at a height of 100 km, is given 
by equation (1) as about 9 Me/s. 

A statistical estimate of the size of Z, clouds can be obtained most directly from 
the observed radial extent of the corresponding ground-scatter, the azimuthal ex- 
tent being unreliable because of the wide aerial beam. The extent of each echo in 
range was noted at } hr intervals on all the occasions during the IGY when £, 
echoes were observed. The 744 observations thus obtained were classified to form 


S 


Fig. 5. Azimuthal distribution of £, in May and June 1958. 


the histogram shown in Fig. 6, the range scale being halved te give equivalent 
horizontal extents at the ionosphere. The mean size was 176 km. Because of the 
influence of skip distance effects on the observed minimum ranges and of echo 
sensitivity on the maxima, the true horizontal extent will be greater than this 


value. 
3.4. Formation and movement of echoes 

When the record of a day’s variation of the P.P.I. display was studied it was 
usually found that the first echo patch would appear during daylight as a small arc, 
the range to the inner edge of the arc decreasing as the echo intensified. Frequently 
other echoes appeared in addition, as many as four simultaneous echoes being seen 
on occasion. 

By speeding up the time-scale of events with ciné-projection, a search was made 
for movements of the echoes; such movements were only clear on one or two 
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Fig. 6. Distribution of 2, cloud dimensions. 
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Fig. 7. Echo movement on 24 June 1958, 0606-1017 UT. 


records, and the majority of echoes, although fluctuating in intensity and azimuth, 
appeared to be relatively stationary over long periods. Considering that the 
azimuthal spread might easily disguise some movements, plots were made of the 
centre bearing and minimum slant-range as a function of time. One such plot is 


shown for echoes on 24 June in polar form (Fig. 7). The lines show sequences of 
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echo movement which suggest a general trend in westerly direction. It is possible 
that different /, clouds were being sampled during one trend, as the movement was 
not uniform and a particular echo occasionally faded out for a short time. The 
deduced speeds of movement of the H, clouds are between 200 and 350 km/hr 
(55-100 m/sec). 

The displays obtained on 19 May 1958, showed clear movement during the 
afternoon. A polar plot was prepared of the positions and movements of the echoes 








5 
(a) (b) 


Fig. 8. (a) Echo movement on 19 May 1958, 1130-1510 UT; (b) Shape and movement 
of £, cloud deduced from (a). 


throughout the day; a simplified form is shown in Fig. 8(a, b). Echoes first appeared 
at 0530 UT in a south-westerly direction and during the morning the minimum 
range decreased to about 500 km while echoes spread in azimuth to cover 
almost all bearings. The complex pattern clarified soon after noon. It was then 
possible to follow the movement of two simultaneous echoes until 1530 UT; these 
are shown in Fig. 8(a) with timing marks every } hr. Between 1500 and 1530 hours 
the two echoes coalesced and faded out towards the north-west at a range of 820 km. 
No echoes were seen for about 1 hr afterwards, when a further complex pattern 
developed showing no significant trends. 

It is of interest to compare the data with the simultaneous vertical incidence 
soundings at Slough. Ionization was shown at a height varying between 110 and 
140 km during the morning. The corresponding critical frequencies were such that 
the minimum slant-ranges at 17 Mc/s would rarely fall below 1000 km until 0900 
GMT. Between 0900 and noon, these ranges would be between 600 and 900 km. 
From about noon, however, the } hr records showed ionization between 100 and 
105 km with critical frequencies between 5-5 and 7-5 Mc/s. The corresponding 
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slant-ranges would be between 500 and 700 km. After about 1445 UT the # 
ionization gradually disappeared. 

The afternoon echo-pattern shown in Fig. 7 and the vertical incidence soundings 
might both be explained by the presence of a large region of #, ionization drifting 
approximately from south-east to north-west. The vertical soundings show a 
maximum critical frequency between 1245and 1330 UT. Between these timesthe polar 
display shows two echoes on a diameter through the origin, whose slant-ranges 
correspond to the critical frequencies observed overhead. As the region passes 
towards the north-west, the two echoes on the polar plot coalesce, while somewhat 
earlier the L, ionization overhead decays. 

The maximum ranges from which the two echoes were received were about 
1000 km during the afternoon, and if the above explanation were valid, the NE—SW 
extent of the cloud would be approximately 1000 km with a considerably smaller 
extent along the direction of movement. The suggested configuration of the cloud 
is shown on a map in Fig. 8(b). The critical frequency would be about 7 Me/s, and 
the speed of movement necessary to give the observed display would be about 
150-200 km/hr (40-55 m/sec). 


4. Frxep-AZIMUTH OBSERVATIONS 

During the period August 1952—July 1953, daily back-scatter measurements 
were made at Slough on frequencies of 10, 11, 13, 15, 17, 19, 21, 23, 25 and 27 Me/s 
using two rhombic aerials, directed 80° E of N and 289° E of N, respectively. 
Observations were made near noon UT throughout the whole period, with addi- 
tional observations at 0900 and 1600 UT during July, August and September 1952. 
Some of the noon results have been discussed elsewhere (SHEARMAN, 1956) but 
for the present purpose the data obtained with the 80° E of N aerial has been 
re-examined to obtain further statistical information about #, occurrence. The 
information is perhaps of added interest because it refers to a year when EZ, occurred 
more frequently than in 1957-1958. 

A sample range-amplitude record obtained in this series of observations is 
shown in Fig. 1(a), in which the echoes are shown as vertical deflexions of the upper 
trace, and range markers displayed on the lower trace. The oblique ranges of the 
ground scattering sources can be measured by means of the 50 and 200 km markers, 
taking as reference the beginning of the transmitted pulse seen on the left. 

Ground scatter propagated by way of sporadic-H# is seen at between 550 and 
900 km range, while the second group of echoes at 1250 to 1950 km is F2-layer 


propagated. 


4.1. Theoretical discussion 

When a directional aerial of fixed azimuth is employed for back-scatter F, 
studies, the bearing of a cloud cannot be determined accurately. However, the 
amplitude of the observed echo is indicative of the bearing; the echo strength from 
a small cloud will be greatest when the cloud lies along the line of shoot of the aerial, 
and will decrease with deviation from this bearing in proportion to the squared 
voltage gain of the aerial. A complication is introduced, however, if the reflection 
coefficient at the Z, ionization varies from cloud to cloud. In the results given here, 
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no allowance has been made for echo amplitude, and the #, clouds observed cannot 
therefore be assumed to lie along the great circle 80° E of N from Slough. However, 
a comparison of the individual observations in eastward and westward directions, 
and an examination of the time of day at which maximum occurrence of £, is 
observed for the two directions shows that appreciable directivity is being main- 
tained. From the calculated azimuthal polar diagram of the aerial, detection of 
clouds within +22° at 10 Mc/s and +-12° at 25 Me/s might be expected, while some 
clouds lying in the directions of the narrow first side lobes might also be detected. 

Although directional information is lost, the multi-frequency technique enables 
the critical frequency of the ionization at a particular radial distance to be estimated 
by observing the frequency at which ground echoes from twice that distance dis- 
appear, and inserting the range and critical frequency in equation (1). Similarly 
the maximum critical frequency of the cloud can be estimated. 

In applying this method, the angle of elevation for the range being studied 
should be compared with the vertical radiation pattern of the aerial at the fre- 
quency used to ensure that the echoes have not disappeared because of low aerial 
gain. 

It should be stressed that these considerations are based on the assumption of 
a thin, dense layer for which the secant law is valid. A dependence of reflection 
coefficient on angle of incidence will modify the conclusions. 


4.2. Methods of analysis 

The records were analysed by noting, for each frequency, the occurrence of 
scattered echoes in each 100 km interval of range for all the records in 1 month. 
The resulting information for August 1952 is summarized in Fig. 9. The histograms 
show as a percentage of the total number of observing occasions, the echo occurrence 
plotted against range. A separate histogram is given for each transmitted frequency. 

In the data presented in the former paper (SHEARMAN and Martin, 1956) 
the histograms included short-range direct echoes from meteors and from per- 
sistent scattering centres in the H-layer. For the purposes of this paper the 
original records have been re-examined, and direct echoes, identifiable by pulse-like 
shape and short range, have been omitted from the statistics. Figs. 10 and 11, 
which show the seasonal and diurnal variation have been compiled from this new 
analysis. 

4.3. Variation of echoes with transmitted frequency 

Inspection of Fig. 9 shows that at the lowest frequency, 10 Me/s, the #,- and 
F2-propagated echoes overlap in range and cannot be distinguished; as the 
frequency is increased, however, the two modes become distinct as the F'2-echoes 
increase in range up to the tangential-ray limit of 3000-4000 km. This behaviour 
is also apparent on a single day, and provides a method for identifying the modes 
of propagation. 

It will be noticed that at the higher frequencies the percentage of occurrence 
of E, echoes is lower than that at the lower frequencies, showing that penetration 
of some of the clouds is occurring between 10 and 25 Mc/s. Taking a fixed range of 
1000 km (angle of incidence on the cloud of 76°), half the clouds appear to have been 
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penetrated at 17 Mc/s, indicating a median vertical incidence critical frequency 
of 17/(sec 76°) = 4 Mc/s. The corresponding measured vertical incidence median 
SE, at Slough was 5-1 Me/s. 

On examining the records for particular days, it is found that the range of the 
leading edge of the H, echo usually increases with frequency. This effect appears to 
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Fig. 9. Variation of occurrence of ground scatter with 
transmitted frequency, 1300 UT August 1952. 


be due to properties of the clouds themselves, and not to be attributable to the 
reduction of the angle of elevation of the main lobe of the rhombic aerial. Assuming 
a thin, perfectly reflecting layer as in the model of Section 3.1, equation (1) can be 
used to determine the critical frequency of the cloud mid-way between the trans- 
mitter and the ground scattering point. In a particular example studied, the 
calculated critical frequency rose from 4-6 Mc/s at 225 km from Slough to 6-44 Me/s 
at 475 km, the back edge of the echo indicating that the cloud extended to at least 
875 km from Slough. 
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4.4. Seasonal and diurnal changes 

To study seasonal and diurnal changes in EF, as seen by back-scatter, the 
histograms for 21 Mc/s have been selected from the data discussed in Section 4.3. 
At this frequency the F2-propagated echoes have increased in range sufficiently to 
be clearly distinguishable from the £, echoes throughout the year. 


s 





August 1952 1300 GM if 








1000 2000 
Slant range, km 


Fig. 10. Seasonal variation of H,-propagated echoes. Percentage of occasions ground- 
scatter was observed at indicated range. Frequency 21 Mc/s, direction 80° E of N from 
Slough. 


The histograms are presented in Fig. 10, from which it can be seen that no £ 

ro) ] e 8 

sropagation was observed between November 1952 and February 1953, while in 
propag 7 , 

May, June and July 1953, echoes were seen on over 50 per cent of the occasions. 

The diurnal variation is shown in Fig. 11, which presents the histograms for 

21 Mc/s at 0900, 1300 and 1600 UT in August and September 1952. A tendency for 


maximum £, occurrence in the morning will be noticed; this is in agreement with 
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the P.P.I. results of Fig. 4. A time displacement of } hr would be expected because 
the reflection points for the #, seen by back-scatter are about 500 km to the east: 
this is much less than is required to explain the asymmetry about noon of the 
observations, as is also the difference between true noon and noon UT. 


%o 


100 





0900 G.MT 


f el 


100 1300 GMT 


Se @ @ za 


1600 GMT 


August 1952 














1000 500 2000 


Slant range, km 





OS00GMT 





1300 GMT. 


1952 


September 


1600 GMT 











500 1000 1500 2000 2500 


Slant range, km 


Fig. 11. Diurnal variation of H,-propagated echoes. Percentage of oceasions ground- 
scatter was observed at indicated range. Frequency 21 Me/s, direction 80° E of N from 
Slough. 


5. CONCLUSIONS 


The back-scatter technique when applied to #, studies, enables clouds within 
600-700 km of the observing station to be detected, and enables a much larger 
sample of clouds to be observed than is possible with the vertical incidence 
technique. A rotating aerial and P.P.I. enables the geographical location of the 
clouds to be estimated and any movements followed. 
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There are two limitations at present. The finite aerial beam-width makes the 
estimation of the azimuthal extent of the cloud unreliable. Simultaneous amplitude 
measurement may enable this error to be reduced, but narrower beam-width would 
be a better solution. A second error arises from the skip-distance effect, and to 
overcome this, multi-frequency technique is required. The critical frequency of the 
ionization can then be measured as a function of radial distance from the sounder. 

tesults obtained at Slough, England, during the IGY with a 17 Me/s rotating 
aerial and P.P.I. show the diurnal, seasonal and geographical variations of F, 
occurrence. Tendencies for #, to occur more frequently before noon and to the 
south of Slough are noted. 

A detailed study of some individual days shows that under favourable con- 
ditions the size and critical frequency of clouds can be determined, even without 
multi-frequency observations. Some examples of cloud movements of 200-300 
km/hr velocity have been identified. 

A year’s daily measurements obtained in 1952-1953 with fixed azimuth aerials 
and multi-frequency transmission show similar seasonal and diurnal trends, but 
reveal the advantages of the variable frequency facility for simultaneous measure- 
ment of critical frequency and range. 
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Spread-F in Baguio through half a solar cycle 
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(Received 19 September 1959) 


Abstract—A 6-year statistical survey is made of spread-F occurrence in Baguio. An attempt is made 
to explain the observed periodicity by the randomness of density—distribution introduced by the 
predominance of collision—detachment and by the random downward velocities. 


INTRODUCTION 


THE phenomenon of spread echoes in the F-region has been the object of extensive 
investigations for the past two decades. Recent experiments by BATEMAN et al. 
(1959), positively establishing a correlation between spread-F and the Far East 
anomaly, have stimulated further study. With a view towards contributing to 
this aspect of the problem, a statistical survey is here made of the Baguio data on 
spread-F. It is hoped that such a survey may suggest additional clues with which 
to evaluate or supplement current theories. 


PRESENTATION OF DaTA 

Considered for this investigation are the nightly sequences of hourly ionograms 
at Baguio, from 1900 to 0800 hours (local time) inclusive, from January 1953 to 
December 1958. A count is made of those ionograms on which spread-F is present. 
(Spread-F is considered “‘present’’ when its intensity is sufficient to make the 
sealing of (173000)F2 uncertain.) This count is divided by the number of iono- 
grams in the group under consideration, and the quotient is the “‘percentage 
occurrence” for the group. Two groupings are made, an hourly grouping and a 
monthly grouping. The results of the first group are shown in Fig. 1. They 
clearly reveal a striking difference between the period 1953-1955 (years of low 
sunspot number) and the period 1956-1958 (high sunspot number). Consequently, 
both groups are further re-grouped and averaged according to their place in the 
solar-cycle, low and high. The graphs of these results are shown in Fig. 2. They 
have the following features: (1) maximum spread-f occurs at about 0100 hours 
and in summer of years of low sunspot count; (2) maximum spread-F occurs at 
about 2100 hours and in the equinoxes of years of high sunspot count; (3) spread-F 


occurs rarely in winter. 
THEORIES OF SPREAD-F 


Any theory of spread-F must be consistent with the above trends. For 
instance, if the explaining mechanism is the #-region turbulence (Daaa, 1957), 
some parameter of this source and/or its ability to influence the F-region must 
vary with the periodicity described above. Alternatively, such periodicity must 
somehow fit in with the mechanism postulated by Martyn (1959) wherein the 
inhomogeneities are generated and dissipated by the tidal motions of the F-region 
under the influence of electrodynamic forces. 
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Fig. 1. Times of diurnal maxima of spread-F occurrence for each month. 


If these and other current theories about spread-F should be found insufficient 
on this score, it would then be necessary to search for some subsidiary hypothesis 
with which to supplement them (but not necessarily to supplant them). Such a 
hypothesis is here proposed: it is suggested that inhomogeneities may result 
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Fig. 2. Percentage occurrence of spread-/ in Baguio. 
(a) Seasonal variation. (b) Diurnal variation. Solid lines are for 1953-1955, years of 
low sunspot count. Broken lines are for 1956-1958, years of high sunspot count. 


partly from randomness of the spatial distribution of electron-density due to 
the predominance of collision—detachment and to random drift of descending 
ionization. 
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Ranpom DeEnsitry—DIstRiBuTION 


A correlation is now sought between the periodicity in Fig. 2 and the periodicity 
of changes in F2 critical frequency and virtual height. The diurnal and seasonal 
maxima revealed in Fig. 2 suggest a basis for comparison with periods of increasing, 
decreasing or fairly steady values of f,/2 and h’F. These periods are 2000-2200 
hours and 0000-0200 hours for each of the four seasons of the year, for 1953-1955 
(low sunspot count) and for 1956-1958 (high sunspot count). The results are 
compared with the corresponding percentage occurrence of spread-F' and _ pre- 


sented in Table 1. 


Table 1. Comparison of spread-F’ occurrence with periods of increasing (+), decreasing (—) 
and steady (0) values of f,/2 and h’F 
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In general, these figures indicate that spread-F occurs most frequently when 
the region is descending to lower levels, and even more so when its density is 
increasing at the same time (in spite of faster recombination and attachment at 


lower levels). From this and from the basic continuity equation applied to a 


given level z, 
0 
2 PNT 4 
~~ B+ 3,4 v) 
it can be shown that during the night hours, when photo-ionization g = 0 and 
the drift velocity v is downwards, spread-F occurs most frequently when 


a 
Oz 


i.e. when, at each given level, electron-decay is overbalanced by electron-increase 


(Nv) > aN? + BN 


due to downward drift. 
It will be recalled that the ionospheric layers are maintained in a dynamic 


equilibrium between production and decay of electrons, and that the main pro- 
cesses of production are solar photo-ionization and, to a less extent, detachment 
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of electrons from negative ions by collisions. During the night hours, with the 
cessation of solar radiation, collision-detachment predominates. Furthermore, 
when a region contracts, the mean free path decreases and the rate of collision— 
detachment increases. Since collisions are largely random, the resulting density 
should also be random. The range of randomness may be large or small compared 
with the average density of the region. When it is large, inhomogeneities result. 
Moreover, the downward drift velocity may itself be an average of widely random 
velocities, thus contributing further to an inhomogenous distribution. 

The observed increase in average density of a descending region may then be 
explained as resulting from two connected processes: (1) because of the contraction 
resulting from downward drift, the ionization above the density-peak descends to 
lower levels and adds to the ionization therein; and (2) this contraction shortens 
the mean free path of ions and increases collision—detachment. Both are random 
processes. 

Thus, when vertical drift contributes more electrons to a given level than can | 
be removed by recombination and attachment, randomness predominates in the 
density—distribution of the region; the region is inhomogeneous. 

It may reasonably be objected that empirical data require inhomogeneities 
with spatio-temporal dimensions larger than are possible with random density— 
distribution. This objection rests on two tacit assumptions: (1) that the inhomo- 
geneities responsible for spread-F are themselves internally homogeneous; and 
(2) that they are relatively stable in time. These two assumptions may not be 
absolutely necessary. It may be possible to show from theoretical considerations: 
(1) that the overdense blob causing spread-F may be composed of many small 
blobs of unequal densities with a high average; and (2) that these small blobs may 
be appearing and disappearing in cycles of the order of milliseconds, such that 
probing signals pulsed at the rate of some microseconds are reflected or refracted. 
An alternative possibility is that a small blob of high density can, due to a density- 
dependent rate of collision-detachment, be self-amplifying in a chain-reacting 
fashion, and so will tend to expand until it is effectively moderated by recom- 
bination, attachment or cooling. If either alternative is correct, random density— 
distribution is a contributing factor in spread-F occurrence. Otherwise, the 
hypothesis is admittedly untenable. 


FURTHER INVESTIGATIONS 


The preceding paragraph raises theoretical problems that may well be examined 
more analytically. 

Also, the importance of magnetic activity in the study of spread-F at Ibadan 
has been convincingly shown by Lyon et al. (1958). It is hoped that a similar 
study of the Baguio data may be made in the near future. 
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Abstract—The global variation of electron density in the F'2-region is investigated on the assumption 
of uniform temperature, uniform attachment-type law of recombination, a diffusion coefficient varying 
inversely as the density of neutral particles and a Chapman ionization law. Electron density is calcu- 
lated as a function of altitude and of local time at a number of different latitudes for the equinox and 
solstices. World curves of maximum ion density are deduced and compared with MILLINGTON’s curves. 
The curves presented here are “drawn out” in the east-west direction as appears to be the case with 
the corresponding curves obtained by ionosonde methods. Although the latter are plotted against the 
geomagnetic latitudes, this broad similarity seems to indicate that diffusion plays a sigificant part in 
the control of F2-ionization. 


1. INTRODUCTION 


Tus paper is the first of a series on the F2-region of the ionosphere. It is an 
extension of a recent paper by Ferraro and OzpoGan (1958) in which the effect 
on the vertical distribution of ionization in an isothermal Chapman region was 
discussed. They assumed that electrons disappeared according to an attachment- 
type law of recombination, the attachment coefficient K being a constant and 
confined their investigation to the equator at the equinox. In the present paper 
we extend these results, with the same physical assumptions, to cover latitudes 
30°, 60° and 75°, both at the equinox and at the solstice. Curves are drawn to 
show the diurnal variation of electron density at different altitudes and these 
have been used to construct curves to show the global variation of maximum 


electron density V,,(max). 


2. DERIVATION OF EQUATIONS 


The electron density N(z, t) at height z and time ¢ (measured in seconds from 
sunrise) satisfies the equation (FERRARO and OzDOoGAN) 


aN 3 aN N ). i 


— =q-—KN+ Di~+=—>-~ +=— 
ot 022 2H az 2H?; 
The coefficient of diffusion D is assumed to be of the form b/n where b is a constant 
for the region considered and n, the density of neutral molecules, is assumed to 
be given by 


zZ— 2 


nN = Ny exp z ="). (2) 


Here, n, is the density of neutral molecules at height z, the height of maximum 
ion production, and H is the scale height for the region. 


* Bedford College, Regent’s Park, London, N.W.1. 
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The rate of ion-production q is given by the Chapman function: 


qd = UW exp f — — — sec y. exp (— 25] (3) 


wherein 7 denotes the zenith distance of the sun from the point of observation. 
This formula holds for 0 < |y| < 42, which corresponds to hours of sunlight. 
When $2 < |y| < z (hours of darkness), g is assumed to be identically zero. 

Consider an observer whose colatitude is 6(0 < 4 < =), and let the northern 
declination of the sun be 6. Then the local time ¢’, measured in radians from 
midday, is given in terms of 7 by the equation 


cos y = sin 6 cos 6 + cos 6 sin 6 cos ¢’. 
The length of day y is then given by 
0 = sin 6 cos 6 + cos 6 sin 6 cos dy 
and the day-time range of values of ¢’ is 
by > $' > by. 


It is convenient to measure local time from sunrise. If ¢ is the local time measured 
in radians from sunrise and if ¢ is the same time measured in seconds we have 


$= 137 x 109 = bd (7) 
where @¢=ty+¢’. (8) 
The day-time range of values of ¢ is, from (6) and (8), 
0<¢<y (9) 
while hours of darkness correspond to the range 
y<g < 2a. (10) 
The rate of ion production qg is now defined in terms of ¢ through the equations 


(3), (4), (8), (9) and (10). 


3. SOLUTION OF THE EQUATION 


The periodic solution of (1) can be obtained conveniently (GLIDDON, 1959) in 
terms of the appropriate Green’s function. The substitution (7), together with 


(* = exp — (11) 
I 


and N = tuexp (—kK¢) (12) 


transform (1) into 


(13) 


(14) 
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The Green’s function for (13), satisfying the conditions of vanishing when ¢ — 0 and 
when {— © is shown to be 


G(Lo, bof: ¢) =7 1% 


and the periodic solution of (13) takes the form 


u =k| exp (kKdo) dbo] G(Lo. boL, dale? do 
20 ~0 


a9 


-k S | exp {kK(}y — 2mm} dby| (Lo, bo — 2mm Lpato? d 
0 


m=1 /0 


¥ 


where, in the present case, 
qd = Wlbo? exp (—f" sec 7) 


The integrations with respect to ¢, can be effected, to give 
ay: [ f Cc is cy Mgtears ae oeee: A 
G(lo, bob, P)QLo 1 doy = Wedd + [(d - bo)/} ] see Z} iS 
/0 
v2 
C? sec 7 
; Aly) ‘ 
1 + i$ — $o)/7} see x 
and similar results are obtained by writing ¢) — 2mz in place of ¢). Thus the 
required solution can be written 


- exp 


2 


Ay 


| dd, + 


9 *¢ (eos 7\ 3/2 , 
N(l, bd) = koe | (- 4 J exp | kK(d — go) - 
“0 0 \ 


= [¥ (cos 7\32 ‘ 
+ iggett SJ" (S22) exp [EK + 2m — $6) — 


m 1~¢0 
= cos 7 + (d + 2mm — gp)/¥, m=, 1,2 


and the limits (0, 277) have been replaced by (0, y) in virtue of (9) and (10). 


where A 


m 


4. Tue Density, TEMPERATURE AND THE DIFFUSION COEFFICIENT 
IN THE F2-REGION 


In our calculations we have taken zy, the height of maximum ion-production, 
to be 300 km. The reason for this is that according to the theory presented here, 
the midday maximum of the electron density occurs at heights lying in the range 
zy + 0-25 H; and according to recent experimental evidence h,, F2 is believed to 
be in the region of 270 km in temperate latitudes. The density at 300 km, according 
to the interim atmosphere derived from satellite data (Harris and JAsTRow, 
1958), may be taken to be 7-5 x 10-14 g/cm’. Assuming a mean molecular mass 
of 39-8 « 10-*4g¢, which implies that the oxygen is completely dissociated, we 
obtain a number density m, which is approximately 2 x 10°/cm?. The temperature 
of the layer is taken to be 1400°K, corresponding to a scale height of 54 km. This 
compares with about 80 km. quoted for the model atmosphere mentioned above. 
Presumably this higher figure was arrived at by assuming a smaller mean molecular 
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mass. Calculations on night-time N—A profiles (DUNCAN, 1958) gave a scale height 
of 55 km at the 300 km level. 

With regard to the value of the diffusion coefficient, we have taken the para- 
meter y to be unity. From (14), we see that this implies n)»D = 4:3 x 10'8. This 
may be compared with the value n,D = 2 x 108 obtained by DaLGarno (1958) 
from results on the mobility of oxygen ions moving in atomic oxygen. 

Lastly our calculations have been repeated for two different values of the 
attachment coefficient represented by kK = 4 and kK = 1. The first of these 
represents an attachment coefficient K = 0-37 x 10-4sec"!, which may be 
compared to the value 10-4 sec! suggested for the 300 km. level by Ratciirre 
et al. (1956). The numbers of the diagrams relating to these two cases will be 
distinguished by the letters (a) and (b), respectively. 


5. NUMERICAL ILLUSTRATIONS 


For each of the values 6 = 0° (equinox), 6 = 234° (solstice) of the sun’s de- 
clination we have calculated the diurnal variation of N for latitudes given by 
6 = 15°, 30°, 60° 90°, 120° and 150°. Figs. l(a) to 4(a) and Figs. 1(b) to 4(b) 
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Fig. 1. Equinox at equator: (a) kK = 3, 
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2. Equinox at latitude 30°N: (a) kK 
0°. The curves represent values of (z 
(5) —0-5; (6) —0-75; (7) 





arbitrary scale 


Electron density /V, 

















Fig. 3. Equinox at latitude 60°N: (a) kK = }, 30°; (b) kK = 1,6 = 0°, 
6 = 30°. The curves represent values of ( : 2-0; (2) 1-0; (3) 0-5; (4) 0; 
(5) —0-5; (6) —0-75; ‘0; (8) —1-5. 
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Fig. 4. Equinox at latitude 75°N: (a) kK = 3, 
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Fig. 5. Northern summer at equator: (a) kK = 3, 
6 = 90°. The curves represent values of (z — 2))/H: 
(6) —0-75; (7) —1-0; 
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show the diurnal variation of N for various heights at different latitudes at the 
equinox. (The scale chosen for NV is the same in all diagrams but does not represent 
absolute values.) It will be noted that the peak electron density decreases steadily 
from the equator towards the poles. At the same time the level at which the peak 
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Fig. 6. Northern summer at latitude 30°N: (a) kK = 4, 6 
0 = 23-5°, 6 = 60°. The curves represent values of (z — z,)/H: 
(4) 0; (5) —0-5; (6) —0-75; (7) —1-0; (8) —1- 
occurs rises from about one-half a scale height below to one-half a scale height 
above, the level of maximum ion production. 

Figs. 5(a) to 10(a) and Figs. 5(b) to 10(b) are corresponding curves for the 
northern summer solstice. Peak electron density occurs, as may be expected, in 
the vicinity of the overhead sun. There is a slow decrease towards the north but a 
rapid decrease south of the equator. In summer the height of the peak remains 
about one-third of a scale height below the level of maximum ion production while 
in winter it rises above this level. In general, ionospheric observations of the 
F2-region show tendencies which are the reverse of these. 

The world curves of maximum ionization, Figs. 11(a), 11(b), 12(a), 12(b), may 
be compared with the theoretical curves drawn by MILLInGTon (1932) and, with 
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(4) 0; (5) —0-5; (6) —0-75; (7) —1-0. 
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Fig. 8. Northern summer at latitude 75°N: (a) kK = 3,0 = 2: 
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Fig. 10. Northern summer at latitude 60°S: (a) kK = 3, 6 = 23-5° 
= 23-5°, 0 = 150°. The curves represent values of (z — Zp) 
(4) 0; (5) —0-5; (6) —0-75. 
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the curves of f,F2 Figs. 13, 14 constructed by Martyn (1959) from ionosonde 
data gathered from a number of observatories. MILLINGTON’s curves may be 
considered applicable to the Fl-region, since he assumes a quadratic law of 
electron recombination whereas we have assumed an attachment-type law. Also, 
his results ignore the effect of diffusion. 
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Fig. 11. Equinox: (a) kK = 4; (b) kK 


Figs. 11(a) and 11(b) show a general resemblance to MILLINGTON’s curves for 
the equinox, the main feature being the system of closed contours surrounding 
a point near the overhead sun. The most noticeable difference is the drawing out 
of our curves in the longitudinal direction. In this respect our results are more 
in agreement with the curves drawn by Martyn. 

Our curves for the northern summer solstice (Figs. 12a and b), again show a 
general resemblance to the corresponding curves drawn by MiLtLineton. Martyn’s 
solstitial curves are dominated by the Appleton anomalous equatorial peaks of ioni- 
zation. These are entirely absent from our results. However, the contours surrounding 
these peaks are very similar in shape to ours. In place of the tricorne which lies 
across the geomagnetic equator in MAaRTYN’s curves we have a system of wedges. 
A rather similar wedge system exists in Mmiineron’s curves. The apex of a 
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wedge corresponds approximately to the local time of sunrise. A point in which 
all the theoretical curves differ from the practical curves is in the range of Nias. 
Where the practical curves show a threefold increase in N,,,,,, the theoretical curves 
show a tenfold (or even greater) increase. 
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Fig. 12. Northern summer solstice: (a) kK = 3; (b) kK = 1. 


6. CONCLUSION 


Our discussion has been restricted to consideration of the effect of diffusion on 
an ionized region in which the electrons disappear according to an attachment-type 
law. Since no account is taken of the geomagnetic control of ionization the results 
obtained serve to give a datum line from which the geomagnetic distortion 
may be measured. 

The curves for the global distribution of V,,,, have been drawn and compared 
with Mi~iinctTon’s curves. The curves presented here are drawn out in the 
east-west direction in a manner similar to the corresponding curves obtained by 
ionosonde methods plotted against geomagnetic latitude. The curves confirm 
that diffusion is an important controlling factor in the F2-region. Comparison 
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of the global distribution for the two cases kK = 4 and kK = 1 suggests that the 
world distribution of N,,,, may be rather sensitive to the changes in the value 
chosen for K. It seems very likely that, as Ratcurrre et al. (1956) have shown, 
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Fig. 13. Equinox f,/'2 1943-1944. 


electrons in the F2-region disappear according to an attachment type of law 
with an attachment coefficient K = 10-4 exp {(300 — z)/50! sec. If this is so, 
since we have assumed a constant coefficient of attachment, our results may be 
expected to differ from observed values on this account. In a later paper we hope 
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Fig. 14. Northern solstice f,/'2 1943-1944. 


to consider the case of variable attachment coefficient, and also the effect of the 
geomagnetic field and transport terms. 
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The “‘valley effect’? in the interpretation of ionospheric eclipse records 


J. A. GLEpHILL and A. D. M. WaLxkrr 
Dept. of Physics, Rhodes University, Grahamstown, South Africa 


(Received 22 November 1959) 


Abstract—It is shown that if a valley develops between the FJ- and F2-layers during an eclipse it 
produces characteristic effects on the curves of electron density at fixed heights vs. time deduced from 
the ionograms. These curves show spurious maxima which are greatest at heights just above the valley 
and decrease with increasing height. The effects predicted correspond closely to those observed in South 
Africa during the eclipse of 25 December 1954. 


IN A recent paper GLEDHILL (1959) has reported the results of a computation of the 
effects of a solar eclipse on a stratified model ionosphere. With reasonable assump- 
tions as to the variation of the electron density and the recombination coefficient 
with height, he has shown that a minimum in the electron density may develop 
between the F1- and F2-layers during the second half of the eclipse. In the 
present paper we discuss the effect of this minimum, or valley, on the records taken 
with an ordinary swept-frequency ionosonde, and the errors which are produced 
when these records are interpreted in the normal way. 

In the initial stages of the present work, the paths of rays which returned to the 
transmitter were plotted on the map described by GLEDHILL (1959) neglecting 
the effect of the earth’s magnetic field. It was found that the points of reflection of 
such rays in the ionosphere deviated from the zenith only by a few kilometres, 
except very close to the critical frequency for the layer. The virtual heights and 
electron densities which would have been deduced from ionosonde records on the 
assumption that reflection took place at vertical incidence did not differ significantly 
from the actual conditions overhead. This lends some support to Mrynis’s con- 
tention that errors due to non-vertical reflection are usually negligible (MINNIS 
1958). 

It was therefore possible to neglect the effects of deviation of the reflection 
point from the zenith, and to deduce the form of the ionogram which would be 
obtained at any time during the eclipse merely by evaluating numerically the time 
delay of the echo, using the curves of electron density vs. height given in 
Fig. 2 of GLEDHILL’s (1959) paper. This was done by calculating the group 
propagation time As/u for successive thin slabs As of the ionosphere, over each of 
which the refractive index mw was considered to be constant and equal to the value 
corresponding to the average electron density in the slab. By summing these 
times from the ground to the level in the ionosphere at which vanished the time 
delay of the returned pulse was found. By repeating the computation for a number 
of frequencies the form of the ionogram could be plotted. 

The resulting “‘synthetic’’ ionograms were then scaled by the normal KELSO 
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(1952) technique, again neglecting the effect of the earth’s magnetic field. It was 
necessary to scale the ionograms for a fairly large number of frequencies in order to 
eliminate scatter in the electron density vs. true height points due to the effect of 
sampling frequencies which fell near to cusps (PiccortT, 1954). The electron 
density vs. true height curves which would have been deduced by this method 
from the ionogram were thus found. These differed from the true curves of 
GLEDHILL’s Fig. 2 because the ionograms gave no indication of the existence of the 
valley, and the Kelso method of scaling them assumes a monotonic increase of 
electron density with height. Fig. 1 shows the true electron distribution curve 
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16 24 32 
Electrons /cm3 x 10% 


Fig. 1. Electron density profiles 130 min after first contact. Full line, true profile; dashed 
line, profile deduced by Kertso’s method. 


for 130 min after the start of the eclipse and also the distribution deduced from the 
corresponding ionogram by the Kelso method. 

By reading off the electron densities at fixed heights from the electron distribu- 
tion curves so deduced, graphs were plotted showing the apparent variation of 
electron density at these heights during the eclipse. The set of curves so obtained 
is shown in Fig. 2, together with the true variations at the same heights from Fig. 1 
of GLEDHILL’s paper. It will be seen that the effect of the valley is to cause the 
apparent electron density at all heights above it to increase shortly after the 
middle of the eclipse. The effect of the valley is naturally greatest for frequencies 
just above the critical frequency of the FJ-layer, where the retardation produced 
by the ionization in the valley is greatest. This in turn means that the error in the 
curves of electron density vs. time is greatest for heights just above the valley 
where the plasma frequency just exceeds that at the F/-maximum, and decreases 
for greater heights, where the plasma frequency is higher. As Fig. 2 shows, this 
can produce a large apparent maximum in electron density in the lower F2-region 
during the second half of the eclipse, with a return to normal some time after the 
optical eclipse is over. At greater heights the effect is smaller, but still very 
noticeable. At 200 km, which falls in the valley, the apparent curve is very decep- 
tive, looking rather like the true one but having much too rapid a recovery after 
the minimum. Below the valley, of course, the apparent curves would coincide 
with the true ones. 

Comparison of these curves with those found experimentally by SZENDREI and 
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McE uty (1956) and shown in Figs. 6 and 7 of their paper, shows a remarkable 
similarity. he resemblance of the maxima found during the second half of the 
eclipse to those in our Fig. 2 is so striking as to leave little doubt that such a valley 
must have been formed between the F/- and F'2-layers during the eclipse concerned. 
SzENDREI and McELHINNy’s graphs show a maximum during the first part of the 
eclipse also. This might be explained if such a valley had been present near to the 
beginning of the eclipse, possibly as an effect of sunrise. During the first phase 
the valley would become less pronounced due to the faster rate of recombination 
at lower heights, and might even disappear altogether near the middle of the 





45 
260 km 


Electrons / cm3 x |0% 











60 120 180 240 300 360 
Time after first contact, min 


Fig. 2. Variation of electron density with time at fixed heights, Full line, true values; 
dashed line, apparent values. 


eclipse. Thereafter the valley would re-form as suggested by GLEDHILL, and finally 
disappear long after the optical eclipse was over. 

Owing to SZENDREI and McELHINNy’s fortunate choice of comparison curves 
which passed through the minima of their experimental graphs, the values of 
recombination and attachment coefficients which they deduced are not as much 
affected by the presence of the valley as would have been the case had they chosen 
curves which gave the best overall fit. 

It should thus be possible to infer the presence during eclipses of valleys, 
between the F1- and F2-layers or between the H- and F'J-layers or both, by the 
occurrence of maxima of the type shown in Fig. 2. We believe that it will be better, 
by taking into account the effects of the earth’s magnetic field, studying the 
behaviour of both the ordinary and the extraordinary rays, to deduce the existence 
and depth of such valleys and to allow for their effects in interpreting the ionograms 
(TITHERIDGE, 1959). We are therefore examining this problem, and also re- 
evaluating the effects of deviation of the point of reflection from the zenith when 
magnetoionic phenomena are taken into account. 


Acknowledgement—The authors wish to thank the South African Council for Scientific and 
Industrial Research for a bursary held by one of them (A. D. M. W.). 
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Abstract—It is argued that the ion—atom interchange processes of importance in the upper atmosphere 
(e.g. OF + Nz,— NO++N and O* + O,-— 0,* + O) are very much slower than simple collision 
theory has led some aeronomists to suppose. The rate coefficients involved are thought to be sensitive 
to the temperature. Ion—atom interchange does not, as has been suggested, exercise an appreciable 
direct influence on the degree of dissociation of the nitrogen. 


1. INTRODUCTION 


WHEN attention was first drawn to the importance of ion—atom interchange 
X*+ + YZ—>XY*+Z (1) 


in the upper atmosphere (BATES, 1955) it was pointed out that the rate coefficient 
is likely to be quite large in many instances since such interchange does not 
necessitate an electronic transition. Steric hindrance can scarcely be a major factor 
in simple rearrangements but it was thought that the activation energy might be 
significant in some instances and therefore quantitative estimations of rate 
coefficients were not attempted. 

Several experimental studies of ion—atom interchange have now been made 
(PorrER, 1955; STEVENSON and ScHISSLER, 1955, 1958; LAMPE and Frep, 1957). 
They relate mainly to cases involving the isotopes of hydrogen. For these rather 
special cases the interchange process is very fast indeed. Neither steric hindrance 
nor activation energy appear to be appreciable. 

Following some early work by Eyrine ef al. (1936), Fretp et al. (1957) and 
GiouMmous!Is and STEVENSON (1958) have developed a theory based on the assump- 
tion that all close encounters lead to interchange. Account is taken of the 
long-range forces between the colliding systems. According to this theory the 
rate coefficient for process (1) is 

k= 27(e2P/ un)! (2) 
where e is the electronic charge, F is the polarizability of the neutral molecule 
and yw is the reduced mass. Comparisons which have been made demonstrate that 
the accord with the results of the experimental studies mentioned above is 


satisfactory. 
Calculation using formula (2) gives the rate coefficient for any exothermic 


ion—atom interchange process between simple systems composed of only the 
main atmospheric constituents to be as large as about | 10-9 em3/sec. This value 
has therefore been adopted by some aeronomists (e.g. KRASOVSKY, 1957). However, 
the absence of appreciable steric hindrance and activation energy for a process 
involving the isotopes of hydrogen should not be taken to imply their absence for 
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a similar process involving nitrogen and oxygen. It will be argued in Section 5 that 
certain of the interchange processes of interest to aeronomists must in fact be 
very slow. 
2. ATMOSPHERIC MODELS 

No attempt will be made here to survey current views on the structure of the 
thermosphere. However, information on a representative model constructed by 
Nico.et (1959) is presented in Table 1 for later reference. The model is in close 
accord with what has been learnt about the total air density from satellite drag 


Table 1. Properties of thermosphere 
(NIcOLET, 1959) 





Altitude Temperature Number densities | ‘Total density 


(km) (°K) (particles/em*) (g/em?) 


; 
4 
t 


< 19-22 
x 190738 
x 10-8 
x 10-14 
‘9 x 190715 


bom bo = bo 





data (Groves, 1959). This does not of course mean that its accuracy is high for 
the altitude distributions of the temperature and of the number-densities of the 


individual constituents. 


3. RELATIVE ABUNDANCE OF THE IONS IN THE UPPER ATMOSPHERE 


Radio scientists have established that the effective recombination coefficient 
in the £- and F1-layers is large, and is almost independent of the gas or electron 
density, whereas the effective recombination in the F2-layer is moderate in 
magnitude, and is an increasing function of the gas density and a decreasing 
function of the electron density (RATCLIFFE and WEEKES, 1960). According to 
the theory which Batrrs and Massey (1947) put forward to explain the observations, 
the ions in the #- and Fl-layers are mainly molecular. They disappear by 
dissociative recombination 

XY+ +e—>X’ + Y’ (3) 
which is very rapid. As one ascends through the F2-layer the relative abundance 
of the slowly recombining atomic ions rises, due to the diminution in the frequency 
of the ion—atom interchange collisions* which convert them into molecular ions. 
Atomic ions predominate at and above the peak of the F2-layer. 

The measurements carried out at Churchill by JoHNson et al. (1958), using mass 
spectrometers mounted on rockets, support the general theoretical deductions on 
the ion composition. Table 2 shows some of their results. Similar results have been 
obtained in the Soviet Union (see KELLOGG, 1959). 


* The collision process operative was originally thought to be charge transfer. 
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4. INTERCHANGE PROCESSES 


The only ion—atom interchange processes which need be considered here are 
those which are exothermic and which do not involve an electronic transition. 
In the following the values given for the reaction energies have been computed 
with the relevant ionization and dissociation energies taken to be as recommended 
by WatanaBE (1958). The symbol 2 denotes the excitation energy of the lowest 
state of NO*+ which can be formed from an N+ ion and an O atom. This energy is 
doubtless great enough to render endothermic some of the processes leading to the 
excited state (designated below, by an asterisk). 


Table 2. Observed ion composition 
(JOHNSON et al., 1958) 





; Day | Night 
Altitude Bs eee sees < oe 2 oe 
1207 CST, 23 March 1958 2321 CST, 20 November 1956 
(km) ‘ : . : 
Fractional abundance Fractional abundance 





O,+ NOt 
0-4, 0-6, 
0-2, 0-6, 
0-1, 0-2. 





Atomic oxygen ions may be transformed to molecular ions through 
Ot + N,>NOt*+ +N + 1-0, eV 
O+ + 0, > 0,* + 0 4+ 1:5, eV 
O+ + NO—>NO++ 0 + 4:3, eV 


>0O,++N+0-1,eV 
and atomic nitrogen ions may be transformed similarly through 
N+ + O, ~ NOt* + O + (5:7, — x) eV 
N+ + NO — NO*+* +N + (4:3, — x) eV 


—>N,+ + 0 + 2:2, eV. (10) 


If the colliding systems may be taken to be unexcited then the only interchange 
process transforming molecular ions into atomic ions is 


N,+ +N—>N++N, +1-0,eV (11) 


t+ Porrer (1955) has inferred from mass-spectrometric investigations in the laboratory that k, is 
1:0 x 10-8 cm/sec. This can scarcely be accepted since the expected value of the rate coefficient 
describing all O+ — N, close encounters is an order of magnitude smaller. It is to be doubted if (4) 
were responsible for the NO* ions observed and, therefore, if the investigations even provide evidence 


that the process is rapid. 
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and the only other interchange process suffered by molecular ions is 
O,+ +N—->NO* + O + 4-2, eV. (12)T 


5. Discussion 


By equating the rate at which O* ions are destroyed by (4) and (5) to the rate 
at which they are produced by the inverse of (7), which he believes has no reaction 
energy, HERTZBERG (1958) obtained an expression purporting to give the equilib- 
rium night value of the ratio n(O*)/n(O,*) in which n denotes the number-densities 
indicated. Using the data of JoHNSON ef al. (1958) (Table 2) he hence deduced that 
the degree of dissociation of the nitrogen in the region of the F-layers is very high. 
He attributed this high degree of dissociation to (4) which, he argued, must be a 
much more important source of odd nitrogen atoms than 


Nt +258 +P, (13) 


The reasoning is incorrect. It would be permissible to equate the rates of 
destruction and of production of O* ions if (5) and the inverse of (7) were the only 
processes operating; but it is not permissible to equate these rates in the presence 
of (6) since this process causes the permanent loss of O* ions. Equilibrium between 
the interchange processes listed clearly requires NO* to be the sole species of 


positive ion. 
Provided no mechanisms of importance have been ignored the disappearance 
of O* ions during the night is determined by the equation 


dn(O*)/dt - yn(O*) (14) 


with 
(from which terms due to recombination have been omitted as negligible). Letting 
n,(O~) denote the number-density at sunset, the number-density ¢ sec later is hence 


n (Ot) = n,(OT) exp (—y?). (16) 


For this relation to be consistent with the data of JOHNSON et al. (1958), given in 
Table 2, the numerical value of y obviously must be extremely small compared 
with unity. Referring to Table 1 it may be seen that if k, and k; were indeed 
some | 10-* cm/sec as has been supposed (Section 1) then near the 200 km level 
y would be at least about 3 sec7}. 

To explain why almost all the O* ions are not replaced by NO* ions within a 
few seconds of sunset, while retaining the supposition that k, and k; are some 
l 10-* em3/see, it might be suggested that O* ions are continually being reformed 
from the NO* ions by 

NO+ +R—>O+4+NR (17) 


where R is some unidentified radicle. A systematic search has not revealed any 
species of radicle for which (17) is exothermic. The most favourable case appears 


+t It is assumed that 


is endothermic. 
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to be when R is an N atom. Even in this case the process is endothermic by 1-0, eV. 
The possibility that some of the NO*+ ions resulting from (4) may carry the requisite 
1-0, eV does not appreciably affect the position: thus, since a considerable fraction 
of them must carry less energy, there would still be a rapid irreversible drain on 
the O+ ions. It does not seem that the conclusion that k, and k; are very much 
smaller than 1 x 10-® cm3/sec can be avoided. 

According to the theory of BatEs and Massey (1947), outlined in Section 3, y is 
to be identified with the coefficient describing the rate of loss of electrons in the 
F2-layer. Several groups have carried out determinations of this coefficient using 
radio data. The most thorough work is that of Ratcuirre et al. (1956), who 
recognized in their analysis that there may be important vertical movements of 
the electrons. They derived values of 2:7 x 10-4, 1-0 « 10-4 and 3-7 x 10-5 sec"! 
at the 250, 300 and 350 km levels, respectively (see also YONEZAWA et al., 1959). 

Information on the magnitude of y may be obtained in another way. Denoting 
the rate coefficients for . 

NO+ +e—>N’ +0’ (18) 


and 
O,t +e—>O0O' +0" (19) 


by a4, and «9, and assuming that these dissociative recombination processes and 
the ion—atom interchange processes (4) and (5) control the number-densities of 
the NO+ and O,* ions in the F2-layer during the night (which assumption should 
not cause serious error), it may be seen that 


yn(O*) = {aygn(NO*) + ax 9n(O.*)}n(e). (20) 
Since n(O*) and n(e) are almost equal this reduces to. 
y = %gn(NO*) + a9n(O,*). (21) 


Reliable laboratory measurements on the recombination coefficients have not yet 
been carried out, but the behaviour of the H-layer during the day and night 
(RATCLIFFE and WEEKES, 1960) when interpreted in conjunction with the data on 
the ion composition obtained by JoHNSON et al. (1958) suggests that perhaps «,, is 
about 3 x 10-% em3/sec and «a, about 3 x 10-8 em3/sec*. Judging from their 
values relative to n(O*) it is likely that at 250 km both n(NO*) and n(O,*) were 
some 1 x 104/em during the nocturnal flight on which part of Table 2 is based. 
Substitution of these two pairs of estimates in (21) gives y to be 3 x 10~-4sec™! 
at 250km. The closeness of the agreement with the corresponding result in the 
preceding paragraph is of course fortuitous. 

Accepting the deduced value of y at 250 km and taking n(N,) and n(O,) to be 
as in Table | it is seen that 


k, + 0-1, ks = 1:3 x 10-13 cm3/sec. (22) 


Remembering that the rate coefficient for all close encounters is about 1 x 10~° 
cm3/sec it is hence apparent that (4) and (5) must be greatly inhibited by steric 
hindrance or, more probably, activation energy. An important consequence is 


* The temperature dependence of neither coefficient is known. 
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that k, and k, are likely to be rapidly increasing functions of the temperature. 
Quantitative (as distinct from qualitative) prediction of how the effective recom- 
bination coefficient varies with altitude is not possible on present knowledge. 
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RESEARCH NOTES 





Les perturbations ionosphériques a début brusque et la 
propagation des ondes longues 


(Received 12 September 1959) 


Dans une précédente note (HAUBERT, 1959) nous avons exposé qu’aux évanouissements 
en ondes courtes correspondaiant des renforcements en ondes longues (200 ke/s). Nous 
avions en effet constaté le fait pendant plus de deux mois sans défaillance et nous avions 
cru pouvoir extrapoler dans le temps nos conclusions. Cependant, avec la fin de l’été, nous 
avons observé quelques évanouissements sur 200 ke/s et, pendant l’hiver, nous avons 
constaté que le nombre des évanouissements devenait beaucoup plus grand que celui des 
renforcements, cette situation tendant a4 s’inverser avec le retour de l’été. 

Nous faisons done amende honorable sur notre extrapolation hative et sur notre con- 
clusion que la fréquence de transition, dont avait parlé R. Bureau, devait se trouver au 
dessus de 200 ke/s. 

Ce qui nous parait important, c’est la mise en lumiére d’un effet saisonnier sur la 
proportion de renforcements sur les évanouissements. Nous donnons ci-dessous le tableau 
de leurs nombres respectifs: 





N 
Renforcements 
Evanouissements 


5 
99 





et un graphique représentant les pourcentages respectifs (Fig. 1). L’effet saisonnier est 
évident. 

Entre temps, nous avons eu connaissance d’un article de LAUTER et SPRENGER (1958) 
qui nous a permis de comparer deux enregistrements de Droitwich regu 4 Rabat avec ceux 
publiés par les auteurs, les 10 et 15 juillet 1958. 

Le 10 juillet, Laurer et SPRENGER observent 4 0910 heures un évanouissement brusque 
sur 155, 209 et 281 ke/s, suivi, sur 155 et 209 ke/s seulement, d’une diminution du champ 
de longue durée. A Rabat, on note au méme instar: sur 200 ke/s un évanouissement 
brusque suivi d’abord d’une remontée immédiate au méme niveau et ensuite d’une 
profonde crevasse d’une durée d’une heure environ. 

Le 15 juillet, Laurer et SPRENGER observent 4 0920 heures une diminution brusque du 
champ sur 155 et 209 ke/s; sur 155 ke/s, la diminution du champ dure plus d’une heure 
et sur 209 kc/s moins d’une heure. A Rabat on note au méme instant une diminution 
brusque suivie immédiatement d’un renforcement brusque important. La perturbation 
initiale est ensuite suivie d’une profonde crevasse d’une durée d’une heure et demie environ. 

Ces différences de comportement, sous différentes latitudes et dans différentes directions 
(& peu prés est-ouest en Allemagne et nord-sud au Maroc), indiquent nettement qu'une 
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telle étude doit étre étendue dans l’espace et dans le temps avant de pouvoir déposer des 
conclusions. 

Nous signalerons, entre autres particularités, qu’a Rabat, les renforcements ou évanouis- 
sements brusques apparaissent généralement au cours de périodes ot le champ est en 
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moyenne élevé, comme si une certaine activité solaire augmentait le coefficient de réflexion 
ionosphérique avant que ne se produise la rupture d’équilibre qui provoque la variation 
positive ou négative brusque qui caractérise le phénomeéne ionosphérique. 

Notre étude n’est qu’une trés minime contribution au travail sollicité par le voeu No. 
43 du C.C.LR. 


a , A. HAUBERT 
Centre D’ Etudes Géophysiques 


Garchy, Nievre, France 
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An unusual ionospheric disturbance in the 
Antarctic on 30 June to 1 July 1957 


(Received 30 September 1959) 


[ONOSPHERIC disturbances of unusual type and magnitude were observed at the DSIR 
Radio Research Substation at Port Stanley in the Falkland Islands and at the Falkland 
Islands Dependencies Survey (FIDS) Base at Port Lockroy during the magnetic storm of 
30 June to 1 July 1957. Recordings of changes in declination, D, of the earth’s magnetic 
field were made at Port Stanley and also at the FIDS magnetic observatory in the Argentine 
Islands, a few miles from Port Lockroy, and it has therefore been possible to compare the 
ionospheric observations obtained at the two stations with magnetic recordings made 
nearby. 

The magnetic storm started at 0245 UT on 30 June with slight fluctuations in D. 
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Large but slow variations in D then occurred between 0500 and 0600 UT and these were 
followed by a period of intense activity which lasted until 0900 UT on 1 July (Figs. la and 
2a). 

At Port Stanley, the first phase of the storm was associated with the presence of scattered 
reflections from the F-region, the critical frequency, f,F2, also being depressed by about 
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Fig. l(a). Magnetic changes (Port Stanley). 
Mean declination 6° 30’ east. 
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Fig. 1(b). Variation in f,F2 (Port Stanley): © measured f,F'2; ~ median f,F2 for June 
and July 1957; ‘| range in which f, F2 lies. 


25 per cent. The absence of any marked changes in f,,;, on the ionograms shows that 
there were no significant abnormalities in the D-layer of the ionosphere during the period. 

Up to about 1900 UT on 30 June the departures of f,/2 from the median values for 
the period were fairly normal for storm conditions (about 25 per cent), but after this time 
quite unprecedented departures from typical storm behaviour were observed. 
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At Port Stanley (Fig. 1b), fy#2 rose so that for 12 hr it exceeded the highest frequency 
being recorded (7 Mc/s), and was at least twice as high as the highest value ever recorded 
at the station in previous years at this time and season. Towards the end of this period 
the echoes showed an unusually large spread of about 2 Me/s, the effect dying out shortly 
after 1400 UT on 1 July. 

At Port Lockroy, comparable effects were observed (Fig. 2b), and for a similar period 
the F-layer was so disturbed and spread echoes so intense that no estimate of critical 
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Fig. 2(a). Magnetic changes (Argentine Islands). Mean declination 17° 42’ 30” east. 
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Fig. 2(b). Variations in f,F2 (Port Lockroy): © measured f,F2; ~ median f,F2 for 
June and July 1957; ‘| range in which f, F2 lies. 


frequencies or even of the ranges in which they might lie was possible. Here too, conditions 
returned to normal by 1400 UT on 1 July. 

Only small magnetic and ionospheric disturbances were recorded at the Royal Society 
Base at Halley Bay, at a longitude 40° East of Graham Land but communications along 
the South American coast were disrupted, suggesting that the disturbance was confined 
to the longitudes of South America and the Graham Land peninsula. 


Acknowledgements—The writer wishes to acknowledge the co-operation of Messrs. J. M. 
SmitH and J. C. FarMAN who made the observations at Port Lockroy and the Argentine 
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Islands, respectively. This note is published by permission of the Director of Radio Research 
of the Department of Scientific and Industrial Research. a » 
V. A. W. Harrison 
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Scintillations of the 20 Mc/s signal from the 
earth satellite 1958 § I 


(Received 18 December 1959) 


INTRODUCTION 

THIS note gives some preliminary results which have been obtained at Kjeller 60°N 11°E 
in connexion with a study of scintillations of the signals from the earth satellite 1958 6 II. 

It is well known that studies of the movements and structure of the diffraction pattern 
formed over the ground by radio signals either reflected from or transmitted through the 
ionosphere, may give information about the structure and movements of the irregularities of 
the electron density in the ionospheric layers. However, when use is made of the signals 
transmitted from a satellite like 1958 6 II, which itself moves with a velocity far greater 
than the velocity of the ionospheric irregularities, an amplitude pattern is produced 
over the ground which moves with a velocity determined by: (i) the velocity of the satellite 
and (ii) the height of the irregularities producing the scintillations as compared with the 
height of the satellite. It would therefore seem possible to obtain information on the height 
of the irregularities from observations of scintillations of satellite signals. 

We shall divide our discussion in this note between the scintillations which are produced 
in the F-region and those which are produced in the H-region. Only 20 Me/s recordings 
have so far been made. 


SCINTILLATIONS PRODUCED IN THE F-REGION 


In order to determine the magnitude and direction of the drift of the amplitude pattern 
on the ground from observations of amplitude at three spaced receiving points, a full 
correlation analysis is necessary. However, it is also well known that if two antennae could 
be placed along the direction of the drift, the magnitude of the drift would be directly given 
from the observed time shifts on the amplitude recordings. 

In our experiment we have set up our antennae in such a way that the two observing 
points are along the satellite path at its nearest approach. In some of the observations 
three observing points have been used. Fig. 1 shows a typical sample of a recording 
obtained for a transit which passed nearly overhead at Kjeller on 9 October at about 0410 
GMT. The points (1) and (2) are along the direction of the satellite velocity, the distance 
between them being 150 m. 

From Fig. 1 is seen that a systematic time shift between the amplitudes recorded at the 
points (1) and (2) can be obtained in spite of the satellite signal being keyed. In Fig. 2 we 
have plotted as a function of time the time shifts between the signals from (1) and (2). 

The time of nearest approach has been marked on the figure. At this time the direction 
of the drift velocity is parallel to the direction of the line between the antennae, and the 
observed time shift will directly give the true drift velocity of the pattern. 
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Fig. 1. Sample showing the signal strength recordings of 1958 6 II at two points separated 
by 150 m and lying on a line parallel to the motion of the satellite. 
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Fig. 2. The time shifts observed giving maximum correlation between recordings at 
two points. 


The mean value of the observed time shift at the time of the nearest approach is 0-036 
sec. This corresponds to a drift velocity of 4140 m/sec. If now the irregularities producing 
the scintillations are located within a limited slab at a height h above the ground, the height 
of the satellite above the ground is H, the observed velocity v is given as 

Ue 
+ a 
where V is the velocity of the satellite. Inserting the values of v, V and H, we obtain a 
value of 365km for the height of the irregularities. Reliable observations have been 
obtained so far only in two cases, and the deduced values of h are 365 and 340 km. The 
spread of the observed time shifts in Fig. 2 can not be due only to experimental inaccuracy 
and they seem difficult to explain in terms of ionospheric movements. They can, however, 
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be explained if the scintillations are produced in a region of a considerably vertical extent 
rather than in a thin slab. The observed spread of the time shifts should therefore give 
information of the thickness of the active region. The observed variation with time of the 
time shifts can be qualitatively explained if the irregularities in the ionosphere are assumed 
to be stretched along the magnetic lines of force. 























th - - 1 sec 


Fig. 3. Sample showing amplitude recordings at three points. (1) and (2) are separated 
by 200 m and lie on a line parallel to the satellite motion, (2) and (3) are separated by 135 m 
and lie on a line perpendicular to this direction and pointing towards magneti¢ north. The 


recording at point (1) has been shifted to obtain maximum correlation between (1) and (2). 


SCINTILLATIONS PRODUCED IN THE H-REGION 


In Fig. 3 a sample of a record from 16 October 1959 at 0350 GMT is shown. The satellite 
was here passing north of Kjeller. During the passage the fading was extremely rapid and 
deep. In the sample shown in Fig. 3 the direction of the movement was almost along the 


direction between (1) and (2). 

From the figure is seen that there is a very high correlation between the signals observed 
at the points (2) and (3). In the illustration we have shifted the amplitude recording 
obtained at point (1) with regard to that obtained at point (2) in order to get the best 
possible correlation between the two signals. We have found that a significant correlation 
can be obtained if a fairly large shift is made, the optimum shift being 0-24 sec, which 
corresponds to a height of 104 km for the active irregularities. 

In the greater part of this recording the cross correlation between the recordings at (1) 
and (2) was found to be poor with any shift selected. However, if the amplitude pattern is 
made up of a superposition of a number of patterns produced at somewhat different heights, 
and consequently moving with different velocities, one should not expect to obtain a high 
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correlation even after shifting the recordings, if the spread of the corresponding time shifts 
are of the same order of magnitude as the speed of fading. 

Although it has been possible only for selected periods of the recording to deduce 
reliable time shifts, it seems safe in view of the above arguments, to assume that the fading 
pattern is in fact moving with a velocity of this order of magnitude. It is thus possible from 
the observed speed of fading, to deduce the size of the irregularities in the fading pattern. 
By inspection of the recordings we have found that the correlation in the direction of the 
antennae (2) and (3) falls to a value of about 0-8 at a distance of 135 m. In the direction of 
the antennae (1) and (2) such a drop will be observed at a distance of less than 10 m. It is 
thus observed that the pattern over the ground is highly stretched, and this can again be 
explained if the irregularities in the ionosphere are stretched along the magnetic lines of 


force. 
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A note on the polar absorption event of 11-18 May 1959 
(Received 12 January 1960) 


INTRODUCTION 

A strong polar absorption event was observed on Norwegian galactic noise measuring 
stations in the period 11-18 May 1959. Observations were made at the following five 
stations: Longyearbyen (78°N, 16°E), Bjérnéya (74°N, 19°E), Skibotn near Troms6é 
(69°N, 20°E), Trondheim (63°N, 10°E) and Kjeller (60°N, 11°E). The method which is used 
in the recordings is similar to that used in Alaska by Lirrte and Lernpacu (1958), except 
that we have not used a frequency sweep technique. The measuring frequency is 28-6 Mc/s, 
and three-element yagis erected vertically are used. 


RESULTS 

In Fig. 1 we have shown the observed absorption for the five stations in the period 
11-16 May. The plotted values give the absorption referred to a quiet-day curve obtained 
for each month from selected magnetically quiet days. The event started in the early 
morning of the llth. At the three northern-most stations, the absorption increased 
gradually to a value above the maximum recordable of 12dB around noon, and stayed above 
this value for about 36 hr. Then the absorption gradually decreased towards a normal 
value. At Longyearbyen and Bjérnéya there was midnight sun at ground level, and at 
Skibotn a midnight sun at a height of about 6 km above the ground. 
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At Trondheim an increase of the absorption was also observed on the 11th, while at 
Kjeller no effect could be observed. In the evening of the 11th the absorption decreased at 
Trondheim after ground sunset, and the signal reached an almost normal value around 
midnight. Before ground sunrise in the morning of the 12th, however, the absorption again 
increased to a maximum recordable value. Similar effects were observed at Trondheim in 
the evening, and at Kjeller in the morning and evening of the 12th. Before ground sunset 
and after ground sunrise for these periods, the absorption was almost constant, except for 
the evening of the 12th at Kjeller where a deep additional absorption effect was observed. 
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Fig. 1. Observed absorption for the five stations. 


In order to study the solar control of the observed absorption in more detail, the 
“constant” absorption values in the periods before ground sunset and in the periods after 
ground sunrise were first deduced. Then the percentage absorption, referred to these 
values, was deduced for the periods after ground sunset and the period before ground 
sunrise. This percentage absorption was plotted for each of the five periods as a function 
of time, given by the height of the earth’s shadow, i.e. the height of the transition between 
daylight and night. The results are shown in Fig. 2(a). 

Fig. 2(b) shows the observed absorption in dB obtained at Kjeller with the galactic 
noise equipment in the sunrise period on the 12th, together with the f,,j,values observed 
at Kjeller in the same period. It can be seen that a similar effect to that observed for the 
v.h.f. waves is also observed on the h.f. waves, and that a full blackout is observed when 
the galactic noise absorption is about 0-4 dB. In the evening a similar effect was also 
observed on the h’f recordings. 

Discussion 

Fig. 2 clearly demonstrates a marked soiar control of the absorption. In the evening, 

before ground sunset, the absorption is approximately constant. Then, after ground 
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sunset, the absorption begins to decrease, and at the time of sunset at a height of about 
55 km above the ground, the absorption is almost normal. In the morning, when sunrise 
occurs at this height, the absorption begins to increase, and increases until the time of 
sunrise at the ground. 

It has been suggested that the solar control of the absorption, for the types of events 
here discussed, may be explained by a mechanism as follows. During the night, the free 
electrons produced by some primary source will attach to neutral molecules or atoms. 
Electrons will then be detached from the negative ions by the solar radiation. The electron 
affinity of the O, molecule, to which electrons mainly attach in the lower ionosphere is 
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Fig. 2. The observed absorption plotted against the height above the ground of the 
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approximately 1 eV, so that the photons of almost the whole solar emission spectrum have 
sufficient energy for the photodetachment reaction. It has been argued (HULTQVvIsT and 
OrTNER, 1959) that for the suggested mechanism the absorption should be related to the 
shadow of the solid earth, and that this would lead to an upper boundary of the absorption 
laver at a height of about 55 km. 

Our results seem not to be consistent with the suggested mechanism. Firstly, it would 
seem impossible to explain a blackout on the h’f recordings for such a low layer, and 
secondly, it would also seem unreasonable to have a layer which extended right down to 
the ground 

There can, however, be little doubt that the absorption is due to electrons produced by 
radiation from the sun, and it seems that the only explanation is that the active radiation 
becomes absorbed in a layer in the atmosphere, prohably in the ozonosphere. The absorption 
of the radio waves should then be related to the shadow of this layer rather than to the 
shadow of the earth’s surface. 

If we put the upper boundary of the layer which absorbs the active radiation to 40 km, 
the heights of sunrise and sunset referred to this layer can be obtained approximately by 
adding 40 km to the heights given in Fig. 2. On this assumption, Fig. 2 would therefore 
give direct information on the height at which the absorption of the radio waves occur. 


Acknowledgements—The galactic noise station at Longyearbyen was run by the Norwegian 
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tory. We are indebted to these organizations for their permission to use the results from 


these stations. 





Research notes 


The research reported in this note has been sponsored by the Electronics Research 
Directorate of Cambridge Research Center, Air Research and Development Command, 
United States Air Force, through the European Office, ARDC, under contract 
AF 61(052)-08. 

. P ; K. W. ErtksEN 
Norwegian Defence Research Establishment @: ces 


i 
Kjeller, Norway B. LANDMARK 


REFERENCES 


LitTLE C. G. and Lerysacnu H. 1958 Proc. IRE 46, 334. 
Huutevist B. and ORTNER J. 1959 Planet. Space Sci. 1, 193. 





A further note on “sweepers” 


(Received 18 January 1960) 


The phenomenon reported recently by Gerson and Gossarp (J. Atmosph. Terr. Phys. 
17, 82) was brought to my attention late in December, 1959. By using a conventional 
communications receiver and a rhombic antenna directed east from Boulder, Colorado, the 
signals could be readily identified. However, an interesting feature was noted that was not 
reported. Many of the signals, as they swept through the receiver pass-band, were observed 
to be modulated, having the characteristic sound of a poorly filtered plate supply. Analysis 


by a sound spectrograph of a few of them showed the modulation frequencies to be pre- 
dominantly even harmonics of 60 ¢/s, which would be expected from a full-wave rectifier 
operating from a North American power line. 

This additional feature of the observations puts an entirely different light on the 
phenomenon and, although it may still be a subject for investigation by those engaged in 
interference identification and suppression, it seems unlikely that it must be explained as a 
newly discovered natural phenomenon. 2 Wien 
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Indices of geomagnetic activity 


of the Observatories HartLaAnp (Ha), EskpaLemure (Fs) and Lerwick (Le) 
July to October 1959 


The figures given on pages 82 to 85 represent the K-indices for three-hour intervals, 
beginning with 00-03 hrs for the first and ending with 21—24 hrs for the eighth figure. 
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BOOK REVIEW 





Optics and Spectroscopy: An English translation of the Russian 
Optika i Spectroscopiya. Optical Society of America, National Bureau of Standards, Washington. 


We draw the attention of our readers to the appearance of a scientific journal in English entitled 
Optics and Spectroscopy. This is a translation, made by the Optical Society of America, of the 
Russian journal Optika i Spectroscopiya. This monthly journal of the U.S.S.R. Academy of 
Sciences commenced publication in 1956, and publishes the work of leading Russian scientists 
in all branches of optics and spectroscopy, including X-ray, ultra-violet, visible, infra-red and 
microwave radiations, thin-layer optics, filters, detectors, diffraction gratings, electro- 
luminescence, thermal radiation backgrounds, infra-red polarizers, and their many other 
applications in science and industry. The English translation, which is being published with a 
grant-in-aid from the National Science Foundation, starts from Volume 6, January 1959, and 
it is the aim of the Society that Optics and Spectroscopy will appear within 4 months of the 
Russian original. 


E. V. APPLETON 





ERRATA 


J. Atmosph. Terr. Phys. 11, 75 (1957) 
Indices of geomagnetic activity of the Observatory at Lerwick (Le). 
16 April 1957: 09-12 hr, for 2” read “4”; and Sum, for “26” read “28”. 


Direction of variation in the geomagnetic vertical field at Ibadan, Nigeria 


In two papers published in this Journal the variation of the vertical component 
of the geomagnetic field (Z) has erroneously been regarded to have been in the 
direction of upward Z increasing to a maximum around noon. ‘The true position 
is this: Z at Ibadan is upwards and therefore negative by the usual convention. 
Variation in Z a few hours before noon is in the direction of downward Z increasing 
so that Z reaches an algebraic maximum about noon; that is the numerical 
value is a minimum. 
The error, which is very much regretted, necessitates the following errata. 


Department of Physics N. 8S. ALEXANDER 


University College C. A. ONWUMECHILLI 
Ibadan, Nigeria 


J. Atmosph. Terr. Phys. 18 (1959) 
C. A. ONWUMECHILLI: A study of the equatorial electrojet—II. A model electrojet 
that fits H-observations. 


Page 251, line 3: for “upward” read “downward”. 


J. Atmosph. Terr. Phys. 16 (1959) 
C. A. ONWUMECHILLI and N. 8S. ALEXANDER: Variations in the geomagnetic field 
at Ibadan, Nigeria—I. Solar variations. 
Page 108, Fig. 1: delete “‘up”’. 


Page 110, line 8: for “upward” read ““downward”’, 
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The equatorial F-region of the ionosphere 


R. A. Duncan 


Upper Atmosphere Section, CSIRO, Camden, Australia 
(Received 26 October 1959) 


Abstract—A comparison of data from ionospheric sounders at Chimbote and Panama, shows that 
afternoon critical frequencies in the equatorial zone are negatively correlated with those on the same 
meridian in the sub-tropical belts. This supports MArtTyNn’s suggestion that ionization is transported 
from the equatorial zone to the sub-tropics. 

The process suggested by Martyn, electrodynamic lift at the equator followed by diffusion under 
gravity along the geomagnetic field lines to the sub-tropical belts, is investigated quantitatively, and it 
is shown that the process can account for the high sub-tropical electron densities observed. 

It is shown that the diurnal variation of the correlation between Chimbote and Panama critical 
frequencies, the diurnal variation in the height, thickness and electron density of the equatorial F- 
region, and the diurnal variation of electron density enhancement in the sub-tropics, can all be ascribed 
to the simple diurnal electrodynamic tide expected from the observed magnetic variations, in conjunction 
with diffusion along the geomagnetic field lines. 


INTRODUCTION 


DvurinG the second world war it was discovered (APPLETON, 1946; BartLEy, 1948; 
Rastoai, 1959) that the afternoon F-region electron density is less near the 
magnetic equator than in two sub-tropical belts at magnetic latitudes of -+20° 
(Fig. 1). Mrrra (1946) suggested that this might be because much of the ionization 
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Fig. 1. World contours of F’-region critical frequencies, February 1958. Contours at 2 Mc 
intervals (as predicted by the Australian Ionospheric Prediction Service for the west zone). 


comprising the F-region is produced by ultra-violet light at heights up to 600 km, 
only subsequently diffusing down under gravity to normal F-region heights; 
diffusion can occur only along the geomagnetic field lines so that the F-region 
at the magnetic equator is robbed of this ionization which is instead guided to 
the two sub-tropical belts (Fig. 2). 

BaILEy (1948) (for recent work see SKINNER ef al., 1954) noticed that the low 
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equatorial electron densities are associated with high, thick and multiple layer 
formation (Fig. 3). Martyn (1954) suggested that this feature too, might be due 
to the inhibition of downward vertical diffusion under gravity. He repeated 
Mirra’s suggestion that diffusion would instead take the ionization via the geo- 
magnetic field lines to the two sub-tropical belts, but invoked electrodynamic 
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Fig. 3. Huancayo true height—electron density profiles. Mean of five magnetically quiet 
days, December 1938. A moderate latitude profile is shown for comparison (Huancayo 
profiles from SCHMERLING and THomas, 1955). 


lift, rather than in situ production by solar radiation, as the source of the high 
equatorial ionization. 

Mirra’s and Martyn’s explanation of the anomalous equatorial F-region has 
been strengthened by the accumulating evidence that diffusive settling under 
gravity is indeed a controlling factor at more moderate latitudes. DuNcAN (1956a) 
suggested that the opposing forces of downward diffusion under gravity and a 
negative height gradient of electron decay should combine to stabilize the height 
of the middle latitude night-time F2-region. YoNnEzAWA (1956) developed a 
similar theory in some detail, for the more involved case of the day-time F2. 
Subsequently Martyn (1956), Duncan (1956b) and Duncry (1956), put the 
theory for the night-time F2-region on a quantitative basis. They showed that 
under an attachment law of electron decay the electron density will assume a 


vertical distribution of the Chapman form centred at a height such that 
g sin? ¥ 


; = 1 
” "2 HB (1) 
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where» is the positive ion collision frequency; 
g is the gravitational field strength; 
z is the geomagnetic dip; 
H is the scale height; 
fp the attachment coefficient. 

To account for the observed height of the F2-region at middle latitudes this 
theory requires a neutral particle density of about 101° particles per em? at 300 km 
(Martyn, 1956) and this is much higher than the density adopted by the Rocket 
Panel (1952) and widely accepted at the time. 

Recent true height analyses (DUNCAN, 1958) (see also BERKNER, 1940) have 
shown that the observed night-time electron distribution is indeed close to the 
Chapman form. Satellites (ScHmLLING and STERNE, 1959) have found the high 
air densities required by the diffusion theory. 

The critical frequency at a given hour and station fluctuates irregularly from 
day to day. Wriaut et al. (1957) have mentioned, without published evidence, 
that unusually low critical frequencies in the equatorial zone are associated with 
unusually high critical frequencies in the sub-tropics. This negative correlation 
was evidently noticed by McNisH and Gautier (1949) during their studies of 
equatorial lunar tides*. Such an inverse relation supports the idea of ion transport 
from one place to the other. 

In this paper the correlation between critical frequencies at Chimbote near 
the magnetic equator, and Panama in the sub-tropics will be studied in some 
detail. It will be shown that the diurnal variation of this correlation, the diurnal 
variation of the height, thickness and electron density of the equatorial F-region, 
and the diurnal variation of electron density enhancement in the sub-tropics can 
all be ascribed to a simple diurnal electrodynamic tide and MARTyN’s ion transport 
process. It will be suggested, however, that in situ ion production at great heights, 
as suggested by Mirra, may be important in the winter polar region. MARrtTyYN’s 
process; electrodynamic lift at the equator followed by diffusion under gravity 
down the geomagnetic field lines to the sub-tropics, will be analysed and it will 
be shown that it can account quantitatively for the high electron densities observed 
in the sub-tropical belts. 


THE CO-VARIATION OF ELECTRON DENSITY AT THE EQUATOR AND SUB-TROPICS, 
AND OTHER EVIDENCE FOR [ON TRANSPORT 

In Fig. 4 we have compared the daily fluctuations of critical frequency at 
1500 hours at two stations lying near the 75°W meridian, Chimbote, Peru, near 
the magnetic equator (magnetic dip 7°N) and Panama in the sub-tropical belt 
(dip 37°N). It will be seen that they are negatively correlated; above average 
critical frequencies are observed at Panama on afternoons when below average 
critical frequencies are observed at Chimbote, and vice versa. 

This lends support to the picture of electron transport. We may suppose that 
the intensity of the electrojet and hence the magnitude of the F-region electro- 
dynamic lift varies from day to day and that this variation in turn results in a 
variation of the quantity of ionization shifted from Chimbote to Panama. 


* Private communication, J. W. WRIGHT. 
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Part of the variation of the electrojet is no doubt due to the ever-changing 
phase relationship of the solar and lunar atmospheric tide. This is the connexion 
between the present study and that of McNisH and GAUTIER (1949). 

It might be thought that the ideas advanced above could be best substantiated 
by a study of the daily values of the magnetic variation and the true height of 
the F-region. However, daily true h,,,,/ data are not available; magnetic data 
are available, but it is believed that a great part of the magnetic variation observed 


&F2 Panama, Mc/s 


Fig. 4. Critical frequency at 1500 hours at Chimbote against 
that at Panama, February 1958. 


at the ground is not due to ionospheric electric currents, but to something in the 
nature of CHAPMAN and FERRARO’S (1941) ring current much further out. 

However, that part of the magnetic variation which shows a diurnal pattern 
should be of ionospheric origin and we shall see in a later section that this mean 
diurnal magnetic variation is in accord with the mean diurnal behaviour of the 
equatorial ionosphere and MARTYN’s ion transport process. 

Another consideration favours Martyn’s electrodynamic lift rather than 
Mirra’s in situ production as the source of ionization high above the equatorial 
zone. The moderate latitude F-region rises rapidly after sunset. This suggests 
that ion production occurs predominantly at low heights. 

There is one part of the world where this is not true, the winter polar zone. 
Here the atmosphere is not illuminated below 450 km and the maintainence of 
the F-region (GaTES, 1959) at about the same height, as the moderate latitude 
night-time F-region, 350 km, is probably due to diffusion from above. 


TRANSPORT OF IONIZATION FROM THE EQUATOR TO THE SUB-TROPICS 


We shall suppose that the ionosphere over a large part of the globe is lifted 
perpendicularly to the geomagnetic field by an eastward electric field and sub- 
sequently gravitates back along the magnetic field lines to normal F’-region heights. 
It can be seen from Fig. 2 that this will cause a shift of ionization away from the 
equator. We wish to calculate the actual redistribution of ion density with latitude 


which will result. 
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We shall assume that the ionization gravitates to the height from which it was 
originally lifted. This is not quite true. As we have said ionization is produced 
predominantly at, and thus lifted from, a height of about 250 km, whereas it settles 
to a height of between 300 and 350 km. This means that from 50 to 100 km more 
lift will be needed to produce a given result than our theory will indicate. As we 
shall argue that lifts of the order of 800 km occur this is of little consequence. 

Assuming a dipole field the equation of a geomagnetic line of force is 


: 
cos? 6 


where + is the radial distance from the centre of the earth; 
6 is the geomagnetic latitude; 
K is the radial distance of the field line at the equator. 
Now at F2-heights an electric field (#) perpendicular to the geomagnetic field 
(H), causes a drift normal to the plane of # and H with a velocity 
E (3) 
Vv =- ‘ o 
H 
That is, for a given electric field the drift velocity is inversely proportional to the 
geomagnetic field strength. The distance between adjacent geomagnetic field 
lines is also inversely proportional to the geomagnetic field strength so that an 
electric field which shifts the ionization from one geomagnetic line to the other 
at the equator will, in the same time, shift the ionization from one line to the 
other at any latitude. 
Now if ionization on the geomagnetic field line 
. 
1 7 
parton = Kk, 
cos? 4, 
is moved electrodynamically onto the geomagnetic field line 
9 p 
a ey 
cos” 6, 
and if it then gravitates along this line until it reaches its original height, we have 
(6) 


and hence 


] 
cos? 0, cos? 6, 


and from (2) 
K, — Ki, =h 


where h/ is the height of line (2) above line (1) at the equator. Thus 


l l 


cos’, cos? A, 
h 
tan? 6, — tan? 6, = 
? 
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This then is the expression giving the change in latitude of the ionization. We 


now derive the change in ion concentration. 
teferring to Fig. 5, suppose that ionization above the element of area dA, is 
carried to the element dA,, then if n, was the number of ions per vertical column 


— 
= \ 
\ \ 
dA; \ 


\ 





Fig. 5. Geometry of ion transport. 


at dA, before transport, and m, is the corresponding areal density at dA, after 


transport 
n, dA, = n,dAg. (11) 
Let r be the radius of the earth, dé the element of longitude, and d@ an element 
of latitude, then (11) becomes 

ny dO, r cos 6, dd = nor dO,r cos 6, dd (12) 
cos 6, d6, 
i.e. Ne = 1, —- 

cos §, dO, 

Differentiating (10) with respect to 6, 


(13) 


2 tan 4, sec? 6, — 2 tan 6, sec? 6, i 
s “ do, 
dO, tan 6, sec? 6, 
di, tan 6, sec? 6, 

tan 6, cos? 6, 


so that Ne = % , 
: tan 6, cos* 0, 


This is better expressed as a function of 9, only. 


cos? 6, h m 

—- = |] cos? 6, 
cos? 4, r 
tan? 6, h 
and —— == ] cot? A. 

tan? 6, r 
Ny 

(1 — (h/r) cot? 6,)'/*(1 — (h/r) cos? 6,)3/? ” 

To reiterate; if there were originally n, ions per vertical column at a latitude 
§,, an electrodynamic lift equivalent to a lift through a height h at the equator, 
followed by settling under gravity to the original height, will carry the ions to a 


Hence 
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latitude 6, determined by equation (10) and the number of ions per vertical column 
here will now be n, as given by equation (19). 

It is a property of equations (10) and (19) that m operations with h = hy, 
hg,....h,....h,, respectively, produces the same result as a single operation 


m 


with h = >h,;. Two 100 km lifts with settling after each lift produce the same 


m? 


i=1 
effect as a single 200 km lift followed by settling. Hence lift and settling can 
occur concurrently without invalidating equations (10) and (19). 
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Fig. 6. The latitude distribution of electron content per vertical column, which would be 

produced from an initially uniform distribution by electrodynamic lift and subsequent 

settling down the geomagnetic field lines, compared with the mean maximum electron 
densities observed at 1500 hours during February 1958. 


In Fig. 6 we have used equations (19) to determine the latitude redistribution, 
by lifts of 200 and 800 km, respectively, of an ion density initially uniform with 
latitude. The observed latitude variation of maximum electron density is shown 
for comparison. It can be seen that the transfer process can account for the high 
electron densities observed in the sub-tropics, if lifts as great as 800 km occur. 

This is not improbable. The magnetic variations observed at Huancayo 
(Fig. 7) lead us to expect upward drift during the day and downward drift at 
night. Calculations analogous to those of Duncan (1956a) for the lunar tidal 
case, suggest velocities of about 85 km/hr. The height of maximum electron 
density above Huancayo is observed to fall through 300 km during the night 
(Fig. 8) and the actual downward drift of ionization must be greater, as downward 
movement of the layer profile is largely countered by preferential decay of the 
under surface. By day, ion production at a fixed height stabilizes the height of 
maximum electron density even more strongly, although the expected upward 
smearing of the layer is observed (Fig. 3). It will not even be the case that indivi- 
dual ions will reach heights of 1000 km because, as we shall show in the next 
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Fig. 7. The diurnal variation of the north-south geomagnetic field at Huancayo. Five 
quiet days, December 1938 (after JOHNSON et al., 1948). 
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Fig. 8. The diurnal variation of the true height of the ionospheric electron density maximum 
at Huancayo. Five quiet days, December 1938 (after ScHMERLING and THOMAS, 1955). 


Maximum electron 


density 


2 


m 


electrons, 


f 
of 


Millions 


06 12 18 24 


Fig. 9. The diurnal variation of maximum electron density, Chimbote, February 1958. 
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Fig. 10. The diurnal variation of the correlation between f,/'2, at Chimbote and Panama, 
February 1958. The ordinate has been reversed to bring out the relation of this variation 
to that of maximum electron density. 
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section; settling down along the field lines is prompt, and will occur concurrently 
with electrodynamic lift across them. A drift of 800 km across the geomagnetic 
field will not, then, result in an 800 km increase in height, but nevertheless there 
is every reason to believe that it occurs and that it is the cause of the enhanced 
electron densities observed in the sub-tropics. 

The observed distribution of electron density with latitude (Fig. 6) is less 
extreme than the computed curves, but this is to be expected because of the 
mollifying effect of continuous ion production and decay. 
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Time, hr 


Time for ionization to diffuse from the equator to various heights 
at a magnetic latitude of 20°. 


TrmE REQUIRED FOR Ion TRANSPORT 


It remains to be shown that ionization high above the equatorial zone will 
gravitate to the sub-tropics in an acceptable time. 

The component of gravity along the geomagnetic field lines is g sin 7, where 7 
is the dip, and gas theory (HuxLEy, 1951) indicates that the ionization should 
gravitate down the field lines with a velocity 


0-85 g sin x 


v= (20) 


y 
vy being the collision frequency of the positive ions with neutral molecules. The 
collision frequency term (v) causes the settling velocity to increase exponentially 
with height and numerical substitution shows that this factor overwhelms the 
effect of the great length and low inclination of that part of the geomagnetic field 
line above the equatorial zone. Almost all the time for the journey is taken over 
the last hundred or so kilometres. The time for the journey thus depends, not 
on how far the ionization has travelled, but on the depth to which it settles. 

The times needed for ionization at a magnetic latitude of 20° to settle to various 
heights is shown in Fig. 11. In calculating these Martyn’s (1959) estimate of 
the collision frequency at 300 km, viz. 1-1 sec-!, was adopted and this was assumed 
to decrease exponentially with altitude with a scale height of 50 km, i.e. 


y = 1-1 exp ——— sec}, (21) 
It will be seen that ionization settles to 350 km in about 2 hr. 
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THE Mean DiuRNAL BEHAVIOUR OF THE EQUATORIAL F-REGION 


The diurnal variation of the geomagnetic field at Huancayo is shown in Fig. 7. 
An application of Ampere’s law shows that if the currents responsible for this 
variation flow in the ionosphere they should cause an electrodynamic tide with 
maximum upward velocity at midday and maximum downward velocity at 
midnight. Keeping in mind the great resistance to movement of the height of 
maximum electron density (h,,,,/2) conferred by ion production at a fixed height 
during the day, it can be seen that the magnetic variation and the observed 
variation of true h,,,, 2 are in accord (Fig. 8). 





Fig. 12. Critical frequency at 0600 hours at Chimbote against 
that at Panama, February 1958. 


F2 occurs at 0400 hours, naturally a little after the time of 
maximum downward velocity. Similarly the maximum effect from the day-time 
upward drift, which as we have said should be more in the nature of an upward 
smearing of the region than an outright increase in h,,,,/2, should occur in the 


Minimum h 


max 


mid-afternoon. 

Consider now the effect these tidal drifts will have on the critical frequency. 
The lowering of the ionosphere at 0400 hours should carry it into a region of high 
neutral particle density and consequent rapid electron decay. The critical fre- 
quency should therefore drop rapidly at this time and, as is well known, it does 
(Fig. 9). There is, naturally, a second time-lag here; minimum f,/2 occurs at 
0600 hours, a couple of hours after the time of most rapid decay. 

The process just described will be effective at both Chimbote and Panama, 
so that if day to day fluctuations in f,F2 are largely due to fluctuations in the 
amplitude of the electrodynamic tide, Chimbote and Panama f,/2 should be 
positively correlated at dawn. Fig. 12 shows that they are. 

Upward drift, occurring as it does during daylight, will also cause a decrease 
of the maximum electron density by spreading ionization upwards from the 
height of production. The total electron content of the ionosphere will, however, 
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be increased as electrons are carried to the high regions of low decay. In the 
afternoon therefore, when, as we have said, the effects of upward drift will be at 
their maximum, we should expect the critical frequency in the equatorial zone 
to be perhaps slightly depressed but the layer should be high and thick. This 
store of electrons in the high regions of low decay should give it long life, and a 
relatively high electron density should therefore persist after sunset. The observed 
equatorial F-region (Fig. 9) has the expected behaviour. 

The high ionization in the equatorial zone will tend to gravitate down the 
geomagnetic field lines to the sub-tropics. In the mid-afternoon therefore we 
should expect f,/2 at Chimbote and Panama to be negatively correlated and the 
phenomena of high critical frequencies in the sub-tropical belts to be most pro- 
nounced. Figs. 1 and 10 show that such is the case. 
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Abstract—New evidence indicating the existence of energetic solar particles associated with solar flares 
has been found from the analysis of world-wide data of fmin in the ionograms. An outstanding enhance- 
ment of ionization in the lower ionosphere occurs in the polar region with the delay of several hours 
after a large solar flare accompanied with major radio outbursts of type IV. Radio blackouts due to 
enhanced ionizations develop, spreading inside the whole polar cap without inducing any marked 
geomagnetic activity. With the onset of a geomagnetic storm, however, the blackout region spreads 
from the polar cap up to the so-called auroral zone. As the D,, field of geomagnetic storm develops, 
it comes down to considerably low latitudes forming a spiral-shaped ionization pattern. 

The radio blackouts, which precede the onset of geomagnetic storms, may be termed the polar cap 
blackouts because they are confined within the geomagnetic latitude of about 60 ~ 65°, while those 
related to geomagnetic storms and auroral displays are the auroral zone blackouts. It is shown that 
the polar cap blackouts are caused by the invasion of energetic particles of the order of 10 ~ 100 MeV, 
generated in an agitated solar coronal plasma bearing magnetic fields, and that those particles precipi- 
tate on the polar ionosphere following nearly the Stdérmer orbits. For the auroral zone blackouts, an 
improved version of the Stérmer theory is applied, in which an interesting behaviour of a charged 
particle in the distorted geomagnetic field is revealed. The remarkable equatorward shifting of the 
auroral zone and some peculiar increases of cosmic ray intensity during the main phase of magnetic 
storms are explained consistently by the decrease of geomagnetic cut-off for incoming particles owing 
to the contraction of the geomagnetic cavity. 


1. INTRODUCTION 

StncE the greatest solar activity was attained during the IGY 1957-1958, 
considerable interest has been stimulated on the research concerning solar 
disturbances and their effects on the terrestrial ionosphere. It has been discovered, 
recently, that an enhanced ionization in the ionosphere, which is indicated by the 
increase of f,,;, or the black-out of echoes in the ionograms, occurs in the polar cap 
several hours after great solar flares and, yet, well before the onset of geomagnetic 
storms (HAKURA et al., 1958). Since it is thought that polar blackouts are caused 
by the abnormal ionization due to bombardment of energetic particles, this fact 
would suggest the invasion of solar particles of presumably higher energies than those 
producing geomagnetic storms. Incidentally, one occasion of such polar black- 
outs and an increase of absorption of v.h.f. waves has already been noted by 
SHAPLEY and Kwecut (1958) and BatLEy (1957, 1959) at the event associated 
with the great solar flare of 23 February 1956. Meanwhile, a new technique 
measuring the ionospheric absorption of v.h.f. cosmic radio noise has been developed 
during the IGY, and it has been revealed by these observations that an excess 
ionization in the polar ionosphere occurs frequently following great solar flares 
(REmpD and Couirs, 1959; Lernepacu and Rerp, 1959). The effect is essentially 
identical with the above-mentioned polar blackouts, suggesting that such events 
are more frequent than ever has been suspected. 

Precise global patterns of abnormal ionization in the lower ionosphere are 
revealed in this paper by examining world-wide data of f,,;, during the IGY. Two 
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characteristic types of ionization pattern are found: The one appears before the 
onset of geomagnetic storms, the enhanced ionization being confined within the 
polar cap region. In contrast to this, the other is accompanied with geomagnetic 
storms and aurorae, being formed along the so-called auroral zone, though the 
outer boundary of this zone shows considerable equatorward shifting at the main 
phase of geomagnetic storms. 

Explanations for these phenomena are given in terms of the conditions of the 
outer geomagnetic field and behaviour of incoming charged particles from the sun. 
Some discussion about the statistical solar—terrestrial relationship and the nature 
of solar corpuscular clouds will also be given briefly. 


2. PotarR Biackouts ASSOCIATED WITH INTENSE SOLAR RADIO OUTBURSTS 
AND GEOMAGNETIC STORMS 

It has been known that radio waves passing through the polar routes suffer 
severe attenuation during geomagnetic storms. Although a part of this is due to 
F2-region disturbances, the enhanced ionization in the lower ionosphere has an 
important effect. In order to investigate such abnormal ionization, data of f,,;, 1n 
the ionograms are very useful. The f,,;,, is one of the elements of vertical ionospheric 
soundings defined as the minimum frequency of which ionospheric echoes are 
observable, and its time variation mainly depends on the electron density in the 
lower ionosphere. The value of f,,;, increases when an excess solar ultra-violet 
radiation (soft X-rays) is present and when corpuscles invade the lower ionosphere. 
The former is known as the “‘s.i.d. effect’’ and the latter is the “‘polar blackouts’. 
Sometimes all ionospheric echoes are completely masked. 

Using the data of about sixty ionospheric stations, world-wide variations of fyin 
associated with geomagnetic storms are examined. The location map of ionospheric 
stations whose data are used in the present analysis is shown in Fig. 1. 

Although the analysis is made for all data during the period of the IGY, in 
order to show the general aspect of disturbances, a typical one associated with the 
severe magnetic storm of 13 September 1957 is described. A pattern of the 
storm-time variation of /,,;, vs. geomagnetic latitudes is illustrated in Fig. 2, with 
the geomagnetic record at Kakioka (geomagnetic latitude 26°). The upper one is 
for the pattern in the North America zone and the lower is in the Australia zone. 
The hatched regions indicate increased f,,;, or blackouts. The regions enclosed by 
dotted lines are those of increased /f,,;, caused by s.i.d.s and they are confined in the 
middle and low latitudes of the sunlit hemisphere. 

It is clear that an outstanding increase of f,,;, appeared at high latitudes both 
in the northern and southern hemispheres well before the onset of magnetic storm, 
and it was enhanced gradually up to the time of the s.c. of magnetic storm. Intense 
polar blackouts were observed along the auroral zones in the earlier stages of 
the storm, while in the last phase no systematic widespread blackout was 
observed. It was also remarkable that the pattern was almost symmetrical with 
respect to the geomagnetic equator and did not show any marked difference 
when the region was in the sunlit or dark hemispheres. 

The original f-plot obtained at Tikhaya Bay (¢ = 80°3’ N, 2 = 52°8’ E) is also 
reproduced in Fig. 3. It is noted that an abrupt increase of fj, was observed 
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Fig. 1. Distribution of ionospheric stations whose data are used in the present study. 
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clearly at 0330 hours on 12 September, which was about 21 hr earlier than the time 
of s.c. of magnetic storm. Since it is generally believed that polar blackouts are 
caused by the spontaneous ionization due to the invasion of energetic particles from 
the outer space, the present result suggests that some corpuscles, which have 
probably originated from the sun, are impinging on the earth well before the 
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Fig. 4. A solar flare at 0245 hours 11 September 1957 and accompanied solar radio 
outbursts (data observed at Sydney are by the courtesy of J. P. Wixp). 


onset of geomagnetic storm. In fact, according to Stnno (1958), an important solar 
flare accompanied by major radio outbursts of type IV was observed at 0245 hours 
on 11 September (Fig. 4), and this would possibly be the source of the disturbance 
described above. 

This fact may be very important, and a further confirmation is required. As 
shown elsewhere (HAkURA and Gou, 1959), a statistical investigation was made to 
find out the solar—terrestrial relationship responsible for those polar ionospheric 
disturbances: During the period July 1957 to December 1958, there were fifty-nine 
s.c. magnetic storms of which twenty were followed by major radio outbursts 
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with type IV. It has been found that prolonged severe polar blackouts which 
preceded geomagnetic storms were always associated with those of the type IV 
outbursts except in three rather doubtful cases. The occurrence probability of such 
polar blackout following type IV outburst is about 75 per cent whereas without 
type IV it is only 8 per cent. Since the type IV outburst is caused by synchrotron 
radiation of relativistic electrons in a violently agitated plasma bearing magnetic 
fields (BorscHot and DrEnissxE, 1957), the generation of high-energy particles may 
also be expected. Therefore, the early invasion of energetic particles into the polar 
cap could be explained on this basis. The discussion of this will be given later. 

In order to investigate details of particle precipitation on the upper atmosphere, 
world-wide patterns of polar blackouts are examined using simultaneous values 
of Afmin (deviation from the quiet-day values) at all stations. The progresses of 
polar blackouts for various stages of magnetic storm are drawn on the map viewed 
from above the geomagnetic north pole. They are shown in Fig. 5, in which 
numbers (1)-(8) show the respective stages of the magnetic storm indicated in 
Fig. 2, contour lines are at 2 Mc/s intervals, and hatched regions are complete 
blackouts. 

Important characteristics of disturbances for respective stages are described 
briefly as follows: In the pre-s.c. stage (1)—(3), an area of increased fmin appears 
somewhere in the polar region well before the s.c. of magnetic storm. Polar black- 
outs are then enhanced gradually and at the time of s.c. (4), the disturbance is 
induced in the whole polar cap within the geomagnetic latitude of 60°. Since it is 
likely that the conductivity in the polar cap is greatly enhanced at this time, this 
would possibly be attributed to the observed geomagnetic current system of s.c.s in 


the polar regions which has been found previously by one of the writers (OBAYASHI 


and JAcoBs, 1957). 

In the initial to the main phase of the storm (5)-(7), the region of blackouts 
starts to elongate towards lower latitudes in the morning hemisphere. Then it 
moves to concentrate along the so-called auroral zone, forming rather like a right- 
hand spiral pattern. During the main phase of the storm, the outer edge of the 
disturbed region shows considerable southward shifting as the magnetic storm 
progresses. It is quite remarkable that the tail of the disturbed region comes down 
well south of the usual auroral zone to about 40° N of geomagnetic latitude at the 
end of the main phase. In the last phase (8), however, all systematic disturbance 
suddenly disappears and only some remnants of abnormal ionization are observed 
in the polar regions. 

The most important feature discovered in the present analysis is that there 
are two distinct patterns of enhanced ionizations in the polar ionosphere. The 
polar cap blackouts, which are confined within the geomagnetic latitude of about 
60—65°, are observed before the onset of geomagnetic storm. On the other hand, 
during the progress of storm, blackouts spread along the so-called auroral zone, 
and may be termed the auroral zone blackouts. This has been confirmed by the 
independent discovery in the study of abnormal absorption of cosmic noise at v.h.f. 
band by Rerp and Cours (1959), in which they showed two types of absorption 
event other than the s.i.d.s; one is closely connected with great solar flares and 
occurs only at high latitudes, while the other is for the most part a night-time effect 
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and its occurrence is correlated with that of visible aurorae and local geomagnetic 
disturbances. 

Auroral zone blackouts have a remarkable characteristic. The zone of enhanced 
ionization shows considerable equatorward shifting during the main phase of 
magnetic storm. In Fig. 6, the storm-time changes of the latitude of the southern- 
most extent of enhanced ionization and that of visible aurora in the North America 
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Fig. 6. Southwards shifting of the outer boundary of polar blackouts and southern-most 
extent of visible aurorae. 
zone (supplied by P. Miruman, N.R.C. Canada) are illustrated with the record of 
geomagnetic horizontal intensity at Kakioka. There is an outstanding correlation 
between the enhanced ionization and visible aurorae. A slight discrepancy will be 
removed if it is presumed that aurorae can be seen well in the northern horizon, 
while radio blackouts indicate the condition overhead. The difference is estimated 
to be about 10° and this accords well with the observed result. It is also evident 
that the equatorward shifting of the auroral zone is proportional to the depression 
of the geomagnetic field intensity, viz. the D,, field of the geomagnetic storm. 
Since the D,, field is believed to be of the external origin, this fact may suggest 
that the precipitation of charged particles is controlled by the distorted outer 
geomagnetic field during the storm. A theoretical discussion of this geomagnetic 
storm effect is given in the following sections. 

3. GEOMAGNETIC STORM EFFECTS FOR INCOMING SOLAR PARTICLES 
Enhanced ionizations in the polar ionosphere associated with geomagnetic 
storms are of special importance for understanding the behaviour of solar corpuscles 
precipitated on the earth’s upper atmosphere. The problem involved is to solve the 
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motion of charged particles in the geomagnetic field, and to reveal the precipitation 
pattern of particles so that the observed results can be compared. However, 
the present results indicate rather complicated situations for the invasion of 
charged particles and they can not simply be explained by the Stérmer theory. 
Nagata (1950), some years ago, pointed out the importance of the effect of an 
existing ring current, and he showed that the observed southward shifting of the 
auroral zone could be explained by the development of the D,, part of geomagnetic 
storms. It has been revealed by recent investigations, however, that the outer 
atmosphere at distances greater than several earth radii is drastically disturbed 
during magnetic storms, and that the geomagnetic field is confined within a cavity 
surrounded by corpuscular streams (OBAYASHI, 1958; PARKER, 1958). Therefore, 
the field due to the ring current no longer exists outside the cavity but is replaced 
by the disordered magnetic fields due to violent agitations in the corpuscular clouds. 
In fact, the earth is immersed in interplanetary gas. 

Even under undisturbed conditions there must be a relative motion between the 
interplanetary gas and the earth with a velocity which is at least comparable with 
the orbital velocity of the earth. As might be expected, the gas stream interacts 
with the geomagnetic field and it can only penetrate up to the distance where the 
hydrodynamic pressure of the stream is balanced by the geomagnetic pressure; 
since the geomagnetic field behaves in such a way to prevent the gas stream coming 
nearer the earth thus the stream flows round the surface of the cavity. Assuming 
that interplanetary gas consists of protons and electrons and has the bulk speed JV, 
the equation of hydromagnetic balance is given approximately as 


9 


“ 


H 
— = nmV? (1) 
Sar 


where » and m are the particle density and the proton mass, respectively, H is the 
total magnetic field at the surface of the stream, and twice the original geo- 
magnetic field at that point when the gas stream is perfectly conducting. Namely 


2Hy 


ff = R 


H, = 0-3 gauss. 
The size of the cavity, forbidden space for the gas-stream, formed in this way can be 
approximated to a sphere of its radius of 


H 2 1/6 
R, = F wh. al 3) 


2anm 


Since n ~ 103/em’ and V ~ 30 km/sec, under undisturbed condition, the distance of 
the cavity boundary is about ten earth radii. Such a cavity formation surrounding 
the earth may also be expected for the impact of solar corpuscular clouds, which is 
identified by the onset of geomagnetic storms. Corpuscular clouds must have much 
stronger energy than usual solar streams, and hence they penetrate deeper into the 
outer atmosphere forming a distinct and much contracted cavity. Since the particle 
density of the clouds is about 10%-104 protons/cm and their invading velocity is of 
the order of 1000 km/sec, the distance of cavity is reduced to a few earth radii at the 
equatorial plane. 





Tatsuzo OBAYASHI and YukKIO HAKURA 


Furthermore, it is noted that during geomagnetic storms the field inside the 
cavity may not be a simple dipole field, but it will be distorted considerably. The 
observed world-wide change of the field during magnetic storms indicates the 
existence of an impressed field parallel to the geomagnetic axis. An interesting 
situation is that, though low energy particles in the cloud will flow round the surface 
of the cavity, some high energy particles penetrate through the distorted geo- 
magnetic field into the earth. As will be shown elsewhere (OBAYASHI and HAKURA, 
1960), the density of those high energy particles entering to the polar ionosphere 
would be sufficiently low allowing to be treated as a single charged particle, though 
the bulk of low energy particles behaves like a conductive plasma because the 
mutual interaction of particles is important. 

With these considerations, an improved version of the St6érmer theory is 
attempted. A general theoretical computation of the entry of charged particles 
under the condition of the distorted geomagnetic field is described in the Appendix. 
The result seems to be very encouraging, and this is applied to the observed 
precipitation patterns of particles at various stages of geomagnetic storms. 

The polar cap blackouts occur well before the onset of geomagnetic storms. 
Since the distortion of the geomagnetic field may be slight at this stage, those 
particles causing blackouts will enter into the earth, following nearly St6rmerian 
orbits. The observed outer boundary of the precipitation of particles is the 
geomagnetic latitudes of 60—65°. Therefore, from Fig. 6A in Appendix, it is found 
that the energy of incoming particles would be of the order of 10-100 MeV assuming 
that the cavity is situated at about ten earth radii before the onset of geomagnetic 
storms. Unlike ordinary auroral zone ionizations, the observed pattern of abnormal 
ionizations indicates that the precipitation of particles occurs in the whole polar 
cap. This effect seems to suggest an apparent isotropy of incoming particles, 
arriving essentially uniformly from all directions. 

The early invasion of solar corpuscles before the onset of geomagnetic storms, 
however, requires further discussion. Although the nature of the acceleration 
process of particles in the solar corona remains a field for lively speculation, there 
is some good reason to suppose that the sun ejects particles of considerably wide 
energy spectrum at the time of solar eruptions (OBAYASHI and Hakura, 1960). 
The low-energy particles then form a corpuscular cloud and flow outwards into 
interplanetary space with the velocity of the order of 1000-2000 km/sec, while 
high-energy particles are also trapped inside, owing to the existence of weak 
magnetic fields in the cloud. Since the magnetic trapping may not be strong 
enough for high-energy particles, they might escape gradually from the cloud, and 
hence arrive at the earth earlier than the onset of geomagnetic storms. 

Since the corpuscular cloud is responsible for geomagnetic distortions, a 
geomagnetic storm starts immediately after the arrival of the cloud at the earth. 
3eams of high-energy particles inside the cloud then impinge on the upper atmos- 
phere in the polar regions through the distorted geomagnetic field. This is the 
situation of the auroral zone blackouts. Since the outer boundary of the auroral 
zone mainly depends on the size of the geomagnetic cavity, a remarkable equator- 
ward shifting of the auroral zone during the main phase of magnetic storms, shown 
in Fig. 6, could be explainable on this basis. 
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In order to compare the observed result with the theoretical computation, a 
diagram, giving the relation between AH, the depression of the geomagnetic field, 
viz. the D,, part of magnetic storms, and the latitude ® of southern-most extent of 
particle precipitation, is constructed using the equations in Appendix. The cut-off 
rigidity of a particle P is given by 

M cos* ® (1 + a3/2R,?) 


pe Berit bi : 4 


M 
Al. 25-5 
R3 


where R, = radius of the geomagnetic cavity, and M, a and y are the geomagnetic 
moment, radius of the earth and the numerical integration constant, respectively. 
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Fig. 7. The relation between the depression of the geomagnetic field and the minimum 
geomagnetic latitude of particle precipitation for various cut-off energies of solar particles. 
Cut-off energy—latitude curves for distorted geomagnetic field. 
Fig. 7 shows the relation of AH and © for various cut-off energies of solar particles. 
For low-energy particles AH is proportional to (cos ®)®, while high-energy particles 
do not exhibit any appreciable latitude shift with respect to the change of AH. 
From this diagram it is possible to predict the change of the latitude of precipitation 
zone by using the observed D,, field of the magnetic storm. 
To carry this out, the energy of incoming particles must be specified. The 
energy of particles responsible for auroral zone blackouts may be somewhat less 
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than that of polar cap blackouts. It is probably 1 MeV or less because of their late 
arrival and also of evidence from auroral observations (MEINEL, 1950; CHAMBER- 
LAIN, 1954). Using this value, the observed southern-most extent of auroral 
blackouts shown in Fig. 6 is compared with the theoretically expected one in Fig. 8. 
Agreement between the two curves is very good except for some minor discrep- 
ancies, justifying the theory and the model of the outer atmosphere during geo- 


magnetic storms. 
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Fig. 8. Observed southern-most extent of auroral blackouts and the theoretically 
estimated one from the D,, field of the magnetic storm. 


The curve of precipitation is also of special interest. The pattern of auroral 
blackouts shows a rather spiral-like shape, which is very similar to that of the spiral 
curve of precipitation predicted by St6RMER (1955) providing that the particles 
are protons. According to StORMER, the orbit of y < y* will strike the earth at 
points which define the curve of precipitation forming a spiral round the geo- 
magnetic axis. The point is approximately given by the formulae 


cos ®, = = i (6) 


and it is evident that the tail of the spiral corresponding to the value y = y* is the 
theoretical outer boundary of the auroral zone. The present result indicates that 
the particles are mostly protons and, unlike the polar cap blackouts, the invading 
particles are coming from a fixed direction and are essentially anisotropic. The 
importance of the fact that the high-energy particles causing polar cap blackouts or 
auroral zone blackouts follow essentially the Stdrmerian orbits must be emphasized. 

There is another interesting fact, lending further support to the theory of distortion 
of the outer geomagnetic field during geomagnetic storms. This is the effect found 
by Yosurpa and WapDaA (1959) in their analysis of world-wide cosmic ray storms. 
They have shown that the world-wide increases of cosmic ray intensity occur 
associated with severe geomagnetic storms, though they are usually superposed on 
the Forbush type decreases. The event of 13 September 1957 was an especially - 
typical one; the cosmic-ray intensities observed by neutron monitors at middle and 
low latitudes show marked increases, coinciding with the maximum depression of 
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the geomagnetic field. Konno et al. (1960) have given an explanation of this effect 
as due to decrease of cut-off rigidities of incoming cosmic rays caused by depression 
of the geomagnetic field during the geomagnetic storm. This is exactly the same 
line of thought mentioned in the discussion of the auroral zone blackouts. Therefore, 
the present theory could predict the nature of such cosmic ray disturbances 
consistently. 

As has been shown in equation (4), the cut-off rigidity of an incoming particle P 
can approximately be expressed by 


a M cost ® 


— oe la< Ry]. (7) 


If P, denotes the cut-off rigidity when R, — o, viz. an undisturbed geomagnetic 
dipole field, and hence y = 1, then 
P= Py (8) 
where 
V 4 
Ft cnn (9) 
4a* 
y is a numerical constant which is specified by P, and AH (or the size of cavity R,). 
The change of geomagnetic cut-off rigidity AP is given by differentiating the 
equation (8), 
AP Po # 1 
re i een Si es 8 (10) 
Po Po 7 
and this is shown in Fig. 9 with a parameter of the depression of geomagnetic 
field AH (cf. equations (4), (5) and (10)). 

To calculate the intensity increase from the estimated AP/P,, one may utilize 
the observed latitude curves of cosmic-ray neutron intensity (KonpDo et al., 1960), 
or else it can be obtained by the following way. Since the intensity of integral 
rigidity spectrum of cosmic-ray J can be written as 


, [ome, x)i(P) dP (11) 
Py 


2 


where m(P,a) is the overall multiplicity at P and atmospheric depth x g em~?, 


m( Px) = mir oO 
and 
EP) = igh OF 
then 
is 
I = Moho [ Pee &F 
JP, 
the increment of cosmic-ray intensity is given by 
Al AP 
—-= —(nm — a)—_. 


Ty Py 


The expected rigidity spectrum of the increment of cosmic-ray intensity is obtained 
from equations (10) and (15), and is compared with the observed increments for 
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Fig. 9. Change of magnetic cut-off rigidity due to the depression of the 
geomagnetic field during storms. 
M cos! ® AP 1 
4a*y? Pe y3(AH,Po) 








] T 
| | 


(Mountain aititude)— 


—+— 
iN 


% 








Increment, 


NM ae we TK DS Lm 


| 
| 
| 
| 
| 


~ | 13 September 1957 | 


| 
| 
| 











eee VS l 
0 2 4 6 6 0 i274 
Cut-off rigidity, BV 








Fig. 10. Expected increment of cosmic Fig. 11. Observed increments of cosmic 
ray intensity caused by the change of ray intensity for stations at various 
cut-off rigidity(- - - - due to atmospheric latitudes during the main phase of the 
absorption). magnetic storm of 13 September 1957 

(after Konno et al., 1960). 


stations at various latitudes. Since the value of m is not known precisely near a 
few billion-volt range and the effect due to atmospheric absorption is appreciable, 
a good agreement may not be expected between the theoretical curve in Fig. 10 
and the experimental one shown in Fig. 11. Nevertheless, it seems to be likely 
that the storm-time increases of cosmic rays associated with geomagnetic storms 
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can also be explained by the same effect of the induced D,, field for incoming 
charged particles. The changes in precipitation of cosmic ray particles into the 
earth are partly due to the distortion in the outer geomagnetic field during 
storms. Thus, independent observed facts concerning the polar blackouts and the 
storm-time increase of cosmic ray intensity both substantiate the theory followed 


in the present analysis. 


4. CONCLUSION 


New evidence has been shown in the present paper indicating that energetic 
charged particles of 10-100 MeV reach the earth with some delay after a large solar 
flare, yet well before the onset of the geomagnetic storm. They impinge on the 
polar regions and cause an enhanced ionization in the lower ionosphere. During a 
geomagnetic storm, however, the particles are precipitated along the auroral zone. 
The former is observed as the polar cap blackouts, which are confined within the 
geomagnetic latitude of about 60—65°, while the latter, the auroral zone blackouts, 
are closely related to the auroral displays and polar magnetic storms. 

It has been found that the polar cap blackouts are closely related to the type IV 
solar radio outbursts. Since the type IV outburst originates from violently-agitated 
solar plasma bearing magnetic fields, the production of high-energy particles (solar 
cosmic rays) may also be expected. Those high-energy particles invade into the 
polar ionosphere following nearly St6rmerian orbits and cause prolonged polar cap 
blackouts. In fact, during severe polar cap blackouts, an incidence of high-energy 
protons has been confirmed by the high altitude observation with cosmic ray 
counter flown in a balloon at Churchill (WINCKLER et al., 1959), and also by the 
satellite observation (Explorer IV) during the events of August 1958 (RoTHWELL 
and McIiwatn, 1959). The estimated energy of particles is of the order of 100 MeV, 
considerably higher than that of particles producing geomagnetic storms or 
aurorae. 

Besides such high-energy particles, corpuscular clouds consisting mainly of 
low-energy particles are ejected from the sun. The cloud arrives after a day or so, 
corresponding to a speed of the order of 1000 km/sec. The particle density of the 
cloud is very high and hence the cloud behaves like a conducting fluid. Therefore, 
owing to the interaction of such a conducting cloud with the geomagnetic field, the 
latter is confined within a cavity surrounding the earth, and the outside of this is 
exposed to a violently agitated solar plasma. The size of cavity is variable according 
to the kinetic energy density of the incoming corpuscular cloud, and the D,, field of 
geomagnetic storms may in some way be related to this cavity formation. 

Since it is likely that the corpuscular cloud retains a considerable amount of 
high-energy particles, which are trapped by the magnetic fields in the cloud, they 
enter the earth after the arrival of the cloud, viz. after the onset of a geomagnetic 
storm. Those particles, which are called the auroral particles, invade the polar 
ionosphere through the outer geomagnetic field and cause auroral zone blackouts, 
aurorae and polar magnetic storms. An equatorward shifting of the auroral zone 
during the main phase of magnetic storms has been explained by the effect due to 
the distortion of the outer geomagnetic field and subsequent decrease of the 
geomagnetic cut-off rigidity for incoming particles. 
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APPENDIX 


Motion of Charged Particles in the Distorted Geomagnetic Field 


Following StT6RMER’s investigation (1955), consider a charged particles moving 
with the velocity v in a magnetic field H, the equation of motion is given 


nae a (1A) 
dt 


Assuming that the magnetic field has a potential Q = MU, where M is the geo- 
magnetic moment, then 


H = —grad Q. (2A) 
Using a cylindrical co-ordinate (7,z,6) and position vector R, shown in Fig. 1A, the 
equation (1) can be reduced to 


i?R 2M (d ; 
= ; = x grad v) (3A) 


ds? mv 


where s denotes the distance measured along the trajectory of a moving particle. 
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If the function U satisfies Laplace’s equation, and has an axial symmetry, there 
must be a function V related to U by the equations 
- 8 oF 
fo ervey gues aae <i Pay er cer iusinulls (4A) 
a of or 
Since the curves U = constant are equipotentials, the curves V = constant, must 
be the lines of force. Now, substituting from (4A) in (3A) and s, = »/eM/mv being 














Fig. 1A. Cylindrical polar co-ordinates and the geometry of a particle trajectory. 


taken as the unit of length (Stérmer’s unit length), it can be shown that the 
equation (3A) becomes 
d (v2 e a Bhs 


ds\’ ds ; 
of which the integral is 


= constant. 


Let « denote the angle between the direction of motion of a particle at any instance 
and the line (r = const., z = const.) at the point of intersection, then 
dd 
r— 
ds 
STORMER showed that the whole space can be divided into allowed and forbidden 
regions, and the equation (7A) provides a means of determining the region to which 
the trajectories are allowed. 

StORMER’s works are mostly concerned with trajectories of particles in an ideal 
dipole field, while in the present study a distorted geomagnetic field which is 
appropriate during magnetic storms is considered. It is known that during 
magnetic storms the field intensity is enhanced at the initial phase and this is 
followed by a remarkable decrease at the main phase. Since the impressed field 
is almost uniform with the direction of the geomagnetic axis, a potential of the 
distorted geomagnetic field can be approximated as the sum of a dipole field and 
an additional uniform field. Namely, 


= |cos a m,: % (7A) 


ie ul a + ARs sin ® (SA) 
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where WM = 8-1 x 1025 gauss cm’ and ® is geomagnetic latitude. On the other hand, 
the geomagnetic field is confined within a cavity of the size of Ro, and the field 
beyond this is considerably disordered by the agitated cloud. Therefore, one may 
postulate a condition that the geomagnetic field vanishes at the distance R = Ro. 
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Fig. 2A. Geomagnetic lines of force for two kinds of the distorted geomagnetic field 
(R, is the boundary of the geomagnetic cavity). 


: ; fhe 2R\ . 

(a) Geomagnetic potential U = ts + z) sin ®. 
R 

(b) Geomagnetic potential U (a _ R3) sin @. 

The potential field which might be set is the one satisfying the condition H, = 

—(0Q/0R) = 0, or else Hy = —1/R(0Q/0M) = 0 at the boundary. These two 

potential fields can be determined from (8A), and given 


] 


2R 





ee 
- M |— — ial sin O. (10A) 


The horizontal intensities of the 


additional fields are given, respectively, 


AH, = 


and 


M 
AH, = — 3008 ®. 


0 


(12A) 


The former potential field gives the compression of the geomagnetic field since 
there is no line of force across the spherical surface R = R,, and so may represent 
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the initial phase of a geomagnetic storm. On the other hand, the latter is opposite 
to the primary geomagnetic field, and can be regarded as the field during the main 
phase of geomagnetic storms, which shows an effect of dissipation of the geomagnetic 
field if it is allowed to expand outward and thereby reduce the horizontal component 
at the earth’s surface (PARKER, 1958). 

The lines of force for these potentials can be obtained using relation (6A) 


'‘", == - + constant (13A) 


V.e == += 55 + constant (14A) 
2 a ops 
R 2Ry 
Geomagnetic lines of force for these cases are illustrated in Fig. 2A, where the 
boundary of the cavity is indicated by dotted lines. 
The condition of allowed trajectories under the effect of such fields should 


follow the relation (7A) and can be replaced by the equations 


: a, 
chao eR (15A) 
R3 ‘ r 


A 
R ° OR? 


where y, and y, denote arbitrary constants of integration. Since the trajectory of 
particle should be continuously on a line from the cavity boundary to the earth’s 
upper atmosphere, (15A) and (16A) must hold, at least, in some range of ® during 
the whole range of R from R, to the earth’s surface. The range of geomagnetic 
latitude ®, within which charged particles are precipitating on the earth’s atmo- 
sphere, is determined from (15A) and (16A). Remembering that r = # cos ®, the 
zone of particle precipitation is given approximately by the following equations, 
provided that a4 <8 ,, where a is the radius of the earth. This can be justified for 
all particles with FE < 15 BeV. 


{ 2ay, | “ 
cos 0, < 7 : (17A) 
hs Iso( titan a®/R,*)) 


(16A) 


and 


Dray 
cos 0, < J a | (18A) 
2 SA |s,(1 + a3/2R,3)) 


The outer boundary, minimum latitude at which the particle can enter, is given 
by the largest possible values of y, or y,, which satisfy the conditions (15) or (16A), 
respectively. Those values are computed numerically for various Ry (in Stormer 
unit) and shown in Fig. 3A. It is clear that when R, becomes infinity, both y, and 
y, tend to unity, and this is identical with the St6rmer calculation for an ideal 
geomagnetic dipole field. It can be shown also that, when Ry <%o, y, and y, 
approach to the values 
DS 9 


= — 192 
4R, sia 


and yy, = 
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respectively. Allowed and forbidden regions for different cavity size are illustrated 
schematically in Fig. 4A. As the size of the geomagnetic cavity is reduced, the 
precipitating zone shifts towards the equator, for the case of the distorted geo- 
magnetic field given by the equation (10A). 
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Fig. 3A. The largest possible values of the numerical integration constants y, and y, with 
respect to Ry. 
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Fig. 4A. Forbidden and allowed regions for charged particles. 
From the equations (17A) and (18A), now it is possible to find out the geo- 


magnetic cut-off rigidity for a charged particle at various geomagnetic latitude. 
Magnetic rigidity of a particle P is given 


(20A) 


where m, is the rest mass of a proton and 6 = v/c. Then, the equations (17A) 
and (18A) can be written in the forms 


M cost O(1 — a3/R,? 
p> ee (21A) 


_ 4aty.2 
4a°y, 
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— M cos* O(1 + at/2 Ro’) | (22A) 


9= 
« 


40° ,° 


The cut-off rigidity of a particle P, is given as the minimum value of P, indiéating 
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Fig. 5A. Geomagnetic cut-off rigidity of particles P, vs. geomagnetic latitude for various R,. 
Geomagnetic potential: 
a 
Q=M ( 


OR) 
mt aA sin @ 


2ay 
cos P= CM fmol — (RA) 
the possible lowest rigidity which can enter at the geomagnetic latitude ©. These 
results are shown in Figs. 5A and 6A with parameters of Ro. 

For the case of an enhanced geomagnetic field, the cut-off rigidity is shifted 
towards higher values with decreasing value of Ry. The relation between AH, and 
®, for low rigidity particles (P < 108 V) is given approximately by 


On the other hand, for a depressed geomagnetic field, the cut-off rigidity decreases 
with decreasing value of Ry. In other words, the zone of particle precipitation 
shifts towards lower latitudes as the boundary of the cavity approaches to the 


121 





Tarsuzo OBAYASHI and YuKIO HAKURA 




















Vv 














Kinetic energy of protons, 





Magnetic rigidity of incident particles, 








108 


























iit Weigwese rs 
O 40 
Geomagnetic latitude 






































Fig. 6A. Geomagnetic cut-off rigidity of particles P, vs. geomagnetic latitude for 
various Fy. 
Geomagnetic potential: 


Q = M( : x sin O 


R? R33 

0 / 
‘ 2ay 
cos? M, = - - 


(eM/mv)/*{1 + (a3/2R,°)] 
earth. For low rigidity particles (P < 108 V), however, the minimum geomagnetic 
latitude, at which charged particles can enter, does not change appreciably with 
the magnetic rigidity of particles, but only depends on the cavity size. The relation 
vetween the depression o > geomagnetic fi AH, ¢ 9 CE Ti 
bet the depr n of the geomagnetic field AH, and ®, can be written 
approximately by 
8 M 
~— —, cos® D,. (24A) 
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The size of the moving irregularities in the F-region and 
the spread angle of the radio waves scattered from them 
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Abstract—The three-spaced receiver fading records of the F’-echo at 3-8 Mc/s, taken at Banaras during 
the period from November 1956 to September 1958 show certain characteristic patterns. The fading 
patterns which were considered as due entirely to the movement of large ionospheric irregularities are 
analysed by the method of Briees and Puiirps (1950). As a result of this analysis the average char- 
acteristic length of the irregularities is found to be 270 m and the average angular spread is found to 
be 6°. The variations of these parameters are shown with the help of histograms, The records show some 
diurnal and seasonal variations, but no definite conclusion can be made regarding such variations. 


1. INTRODUCTION 


THE short-duration radio-frequency pulses incident on an ionospheric layer are 
reflected back to the ground in the form of a cone of rays. In the idealized case of 
a stationary ionosphere and plane wave illumination, the cone angle is very small 
but in the case of moving irregularities, the angle of spread is considerable. If 
these irregularities are of great size and move with certain velocity, they produce 
characteristic fading patterns which vary almost periodically without much change 
in their details. In the present paper some results are given concerning the size of 
the moving irregularities in the F-region and the angle of spread. These results 
are obtained from the analysis of those fading patterns which are considered to be 
due entirely to the movement of large irregularities in the ionospheric region. 

The fading records were taken during 1956-1958 at Banaras by the three-spaced 
receiver method of Mirra (1949). The apparatus consisted of a pulse transmitter 
giving a pulse width of 200 usec at 50 c/s, and three receiving horizontal dipole 
aerials situated at the corners of a right-angled triangle with two arms in the 
E-W and N-S directions and each arm of length 100m. The recording unit 
consisted of three communication receivers, the detector output of which was 
connected to three DuMont Oscillographs operated with a common time base. 
The simultaneous fading records at the three spaced points were taken by a 
ciné-camera. Those patterns which were not found to change in their details, 
and which could be regarded as due entirely to the movement of large irregularities 
were analysed by the method of Briaas and Puinuirs (1950). Such fading patterns 


are shown in Fig. 1. 
2. THEORETICAL CONSIDERATIONS 


It is assumed that the irregularities scatter in such a way that the power 
received per unit solid angle by an aerial varies with # in a manner given by the 


function 
W(6) = cos” 0 (1) 
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where x depends on the mode of reflection, and the polar diagrams of the trans- 
mitting and the receiving aerials. It may be mentioned that the polar diagrams 
(for power) from the transmitting and the receiving aerials can be represented by 
cos‘ # and cos’ 6 respectively. When the irregularities regarded as a random screen 
are illuminated by a plane wave, the scatter power received per unit solid angle by a 
detector can be represented by cos’ 6. Assuming that the scatter power polar 
diagram is turned through an angle 6, so that its maximum lies in the direction of 
the geometrically reflected ray, Briagas and Puriuies (1950) have shown that the 
response is given by cos? 26 which is approximately equal to cos*’ 6 which is 
in the range —7/2 < 6 < +7/4, falling off to zero when 6 lies outside this range. 
They have also shown that the power received from the elementary areaof the screen 
within the solid angle dQ can be written as 


dW « cos" 6 dQ 
where n=ttrt4q+3 (2) 


The spread of the function cos” 6 is taken as the angle 6, at which the amplitude 
falls to } and the function cos” @ to }. The spread of the function plotted against n 
is shown in Fig. 2. 

In the case of irregularities moving with velocity V the space auto-correlation 
function is given by 


+1 


2 
(1 — w?)”? cos (27ué) au (3) 


1 


where é is the distance between the two points in terms of the wavelength as unit, 
u = 1/k times the Doppler frequency shift of the power scattered from the ele- 
mentary area of the irregularities, k = 2V/A, V = velocity of the irregularities and 
A the wavelength under the stationary condition. The spacing is then given by 
2& = Vr, where 7 is a small time-interval within which the amplitude change is 
considered. The variation of the space auto-correlation function p,(é) for different 
spacings of the receivers is shown in Fig. 3. 


a 


Denoting | R(x) — R(x + €) which is the mean value of the amplitude-change 
over an interval & by A(é), we get, following McNicou (1949), the following relation 
connecting the average amplitude-difference A(é) with the space autocorrelation 
function p,(&): 


seid = 0-59 [1 — p,(&)]!/ (4) 


where R is the average amplitude. The value of A(é)/R corresponding to the 
variation of the space autocorrelation function p,(&) is plotted against the spacing 
2£ for different values of » and is shown in Fig. 4. If fading patterns are due 
entirely to the motion of an unchanging irregularity, then the average shift A(z) 
will be the same as the average amplitude difference A(&), subject to the trans- 
formation 7 = 2Vr. 
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Fig. 2. Variation of the spread-angle 9, of the function cos” @ with different values of 7. 
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Fig. 3. Variation of the theoretical space-autocorrelation function pplé) for different 
receiver spacings. 
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3. PROCEDURE FOR THE ANALYSIS 


In practice A(r) was computed by making two tracings of a fading record on 
graph paper with the desired time-shift. The included area between the original 
and the shifted curve was measured from the graph paper. This area divided by 
the length of the fading record would give A(r). The area underneath one of the 
fading records was also measured and R was obtained by dividing this area by 
the total length of the record. The values of A(z7)/R for the records shown in Fig. 1, 
plotted against 7 on the graph are shown in Fig. 4. The value of » which best 
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Fig. 4. Variation of A(é)/R for different receiver spacings. 


fitted the experimental points was determined. To obtain the amount of scattering 
by the ionosphere in a form independent of aerial properties, it is necessary to 
correct for the effect of aerial polar diagrams. For this correction we have to find 
the value of g from equation (2). Thus 


In the case of dipole aerials, ¢ = r = 3, so that ¢ = (n — 9)/4. 

The size of the irregularity was determined from its definition according to 
which the size of the irregularity is equal to the distance at which the autocorrelation 
function falls to 0-5 in the case of plane wave illumination. Corresponding to the 
different values of n the characteristic length of the irregularity Z was found 
from Fig. 3. The corresponding values of the angular spread 4, is also directly 
determined from Fig. 2. 


4. RESULTS OF THE ANALYSIS 


A number of records taken mostly in night hours during the period from 
November 1956 to September 1958 were analysed as described above. The 
average value of the characteristic length L of the irregularities was found to be 
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270 m and the average value of the spread angle for radio waves scattered from 
the irregularity was found to be approximately 6°. The variation of the size and 
spread angle is shown by histograms in Fig. 5 (a) and (b). The results obtained 
in this paper are in fair agreement with the results of Briggs and PHILLips (1950), 
and others. Abnormal values of characteristic length ZL and their spread angle 
obtained as a result of such analyses are due either to unusual disturbances in the 
reflecting layer or to the wrong selection of the proper records. Such values were 
discarded in averaging and were not shown in the histograms. The observations 
were made on a number of special days in the IGY Calendar. Records taken 
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(b) 


Fig. 5(a). Histograms showing the frequency of occurrence for different values of charac- 
teristic size of irregularities L. 
(b). Histograms showing the frequency of occurrence for different values of the 
spread-angle 6). 


during the quiet days and the Regular World Days gave the same order of magnitude 
of the characteristic length Z and the angle of spread. Results could not be obtained 
during magnetically-disturbed days as these gave complicated amplitude patterns 
which could not be regarded due entirely to the movement of the ionospheric 
irregularities. The results showed some diurnal and seasonal variations but no 
definite conclusions equld be made regarding such variations. 
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Abstract—The paper presents the results of a study of the behaviour of the F’-layer of the ionosphere 
over Haringhata (Calcutta) on quiet and disturbed days. The study is made from ‘“‘mean quiet F’-layers”’ 
and ‘‘mean disturbed F'’-layers’”? constructed for this place following the method of the Cambridge 
group of workers. The quiet-day results are further examined with a view to verifying the model of the 
coefficient of electron loss in the layer, as derived by the above workers. 


Ll. INTRODUCTION 


In MANY theoretical studies of the /2-layer of the ionosphere values of parameters 
like electron density, rate of electron production, coefficient of electron loss, ete., 
at different (true) heights of the layer are needed. The routine parameters such as 
f, F2 and h’ F2, that are scaled directly from the virtual height curves (ionograms), 
are not of much significance in this respect since the former refers to a height that 
is constantly changing, while the latter suffers much from group retardation in the 
regions below. It has, therefore, been stressed of late, that for better description 
and understanding of the morphology of the layer, the different ionospheric para- 
meters and their variations should be studied from true height profiles on a world- 
wide basis. The present paper describes the results of such a study made separately 
from the records of the Internationally Quiet Days (i.q.d.s) and of the Internation- 
ally Disturbed Days (i.d.d.s) at Haringhata (28 miles from Calcutta). These 
results have been compared with those of similar studies made of records at other 
places. Besides examining the characteristic true-height variation of the F-layer 
parameters on quiet and disturbed days, there has also been another object of this 
study. This is outlined below. 

The £2-layer of the ionosphere is the seat of many important movements— 
some regular, some irregular. These movements obscure, what may be called, the 
“basic behaviour” of the layer, i.e. its behaviour under essentially simple condi- 
tions, unperturbed by movements, so that the continuity equation contains only 
the production and the loss terms. A method of studying the “‘basic behaviour” 
of the layer, particularly with regard to the coefficient of electron loss and its 
height variation in the layer, has very recently been developed by the Cambridge 
group of workers (SCHMERLING and THomAsS, 1956; Ratcuirre et al., 1956). In 
this method the hourly h’—f records obtained for the i.q.d.s in any one month are 
normalized and averaged and are then reduced to true-height electron density 
profiles (V,—-h curves). These hourly V,—A curves define a kind of “‘mean quiet 
F-layer” for the month and for the station concerned. When the variations of 
electron density at different heights were studied from the “‘mean quiet F-layers”’ 
it was found that not only were the effects of irregular movements eliminated but, 
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on many occasions, the night-time electron density values, at all levels, were found 
to decrease uniformly as though controlled by the loss processes only and that 
regular movements had negligible effect. The mean “‘quiet F-layers’ could then 
be analysed to yield values of the coefficient of electron loss at different heights in 
the layer. When this was done for such different places as Slough, Watheroo and 
Huancayo, and for different seasons, it was found that the results for all those 
places conformed to a particular loss coefficient model. Since movements, regular 
or irregular, cannot have the same effect in different seasons at all these places, 
having widely different geographic locations, it has been claimed that the above 
loss-coefficient model is a true feature of the “‘basic behaviour” of the layer. It 
should be noted, however, that this loss-coefficient claim is based on data princi- 
pally from a few selected places, these being Slough, Watheroo and Huancayo. 
It is therefore desirable that the proposed loss-coefficient model be checked against 
data from other places also. To do this with our data for Haringhata (Calcutta) 
has also been an aim of the present work. 

Our results unfortunately show that the ““mean quiet F-layer’ here is not so 
free from the effects of movements as one might expect from the results for Slough 
or Watheroo. Although random fluctuations are reduced, the effects of regular 
movements appear prominently in our results. Consequently, our object of 
verifying the loss-coefficient model has not been fulfilled. An attempt has, never- 
theless, been made in this direction by using our data for comparatively undis- 
turbed hours during the night, with some success. 


2. DATA AND THE METHOD OF ANALYSIS 


The ionograms analysed in this study were selected from those obtained 
regularly at our Ionosphere Field Station at Haringhata (28 miles from Calcutta) 
since the beginning of 1955. For the purpose of this study, however, we could 
not go much beyond the beginning of 1956, as then, owing to the approach to the 
maximum of the sunspot cycle, the critical frequency of the F2-layer around 
midday rose above the upper limit of the recorder (13-0 Me/s). For the purpose 
of studying the quiet-day behaviour of the F-layer and also of verifying the 
loss-coefficient model *“‘mean quiet F-layers’’ were constructed with data obtained 
for the five i.q.d.s during each of the months May 1955, September 1955 and 
February 1956 for which good records were available. (The months represent 
approximately summer, equinox and winter conditions, respectively, and the 
period of study belongs mainly to the sunspot-minimum epoch.) The “mean quiet 
F-layers”’ so constructed showed certain irregular fluctuations and some unex- 
pected variations (to be discussed later). So it was thought advisable to derive 
the ‘“‘mean quiet F-layer’’ for a year instead of for the individual months selected. 
This has been done by taking the data obtained for three i.q.d.s. for each month 
during the | year period March 1955 to February 1956. The study of the disturbed- 
day behaviour of the layer has been made from ‘“‘mean disturbed F-layer’’ con- 
structed with data obtained on two i.d.d.s for each month during the above period 
(March 1955 to February 1956). 

The method adopted for constructing the ‘““mean F-layers’ as noted above 
followed closely that given by SCHMERLING and THomAS (1956) which is as follows: 
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The h’-f records for a given hour for the selected group of days are first taken and 
the average value of f,/2 for the hour is determined. The ordinary trace of the 
F-layer echo in each record is then normalized and an average normalized curve 
is obtained from all the records for the hour. This is done by using a card to be set 
along the frequency scale of the h’—f records. It is marked at a suitable index 
frequency and at a set of fractional values (like 0-9, 0-8, ete.) of this frequency. 
These markings are on the same logarithmic scale as that of the ionograms. The 
card is set along the frequency scale of a given hourly curve with the index | 
frequency mark corresponding with f,/2, and the virtual heights corresponding 
to the above fractional-frequency marks are noted; this is the normalization. 
Because of the logarithmic frequency scale of the ionograms the same card has 
been used with all the records. The sets of values of virtual heights so obtained 
are then averaged. The average values are next plotted against the appropriate 
fractional frequencies while the index frequency is made to correspond to the 
average value of f,/2 determined at the beginning. The result is the average 
normalized h’—f curve for the given hour. The curve is then reduced to true-height 
electron-density profile. The set of twenty-four such hourly V,—A curves constitute 
the ‘‘mean F-layer” for the selected groups of days. 

The true-height analysis has been made by the method of SCHMERLING and 
VENTRICE (1959) as elaborated by Wricut and Norton (1959). The method 
is very much similar to that of KELSo (1952) but unlike the latter takes due account 
of the influence of the earth’s magnetic field. The method of true-height analysis 
however, has the following limitations: 

(a) The electron density has been assumed to increase monotonically with 


height. 


(b) The h’-f curves were analysed down to the minimum virtual height in the 
F-layer (h’F) and any possible group retardation by a lower layer (like # during 
the day or the low-lying electrons with plasma-frequency less than fiim during the 
night) has not been allowed for. 

It is to be mentioned that the results obtained by the Cambridge group of 
workers, with which we shall compare ours, also suffer from both these limitations. 


3. RESULTS AND DISCUSSIONS 


3.1. Diurnal variation of electron density in the F-layer 

The diurnal variations of electron density at a series of heights (.V,-t curves) 
as noted from the ‘“‘mean quiet F-layers”’ for Haringhata are shown in Fig. | along 
with those for Slough and Maui as obtained by SCHMERLING and THOMAS (1956); 
and Tuomas (1959). It will be noted that the variations at Haringhata are charac- 
terized, firstly, by the presence of large and irregular fluctuations and secondly, 
by the regular appearance of two prominent peaks around 0200 hours and 1800 
hours. These two features are in sharp contrast with the results for Slough (January 
1950) which, incidentally, were among those obtained earliest by the method of 
“mean quiet F-layer’. The first of the features indicates the effects of random 
movements. It may be suggested that the presence of these irregular fluctuations 
is due to the fact that while these results have been obtained by averaging over 
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Fig. 1. Average variation of electron density with time at different heights for i.q.d.s. 
FR is the average relative Ziirich sunspot number. 





Haringhata Mar.’55 - Feb.’56_. 
Quiet days Disturbed days 





. 3007 











2 
LMT. (b) 
Fig. 2. Average variation of electron density with time at different heights for i.q.d.s 
and i.d.d.s. 

five i.q.d.s only, the Slough results are the average of ten such days. But according 
to SCHMERLING and THOMAS (1956) averaging on five i.q.d.s alone in any one month 
is sufficient to remove most of the effect of random variations and the smooth curve 
for one set of five i.q.d.s in a month is quite similar to that of the other set. Since 
our results for none of the months examined agreed with this, we felt the necessity 
of constructing a “mean quiet F-layer’ from as many i.q.d.s during a year as 
possible. The 1 year period finally chosen, suiting the availability of good records, 
was March 1955 to February 1956 and, as mentioned already, data on three i.q.d.s 
in each month were examined. The results obtained, shown by the curves in Fig. 
2(a), may be compared with those of Fig. 1. It will be found that the two sets of 
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curves do not show any marked difference in character. The observed irregular 
fluctuations are, therefore, not due to averaging on insufficient number of days. 
The second distinguishing feature of our results, the peaks in the NV,-t curves, 
no doubt represent effects of regular movements. Compared with the January 
1950 results of Slough these are also unexpected, since the Slough (January 1950) 
results are quite smooth and free from such effects. However, more recent 
evidence, such as the July 1950 results from Slough or the results from Maui, 
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Fig. 3. Average variation of h,,F2, h,F2 and T(=h,F2 —h,F2) for i.g.d.s. Dots and 
crosses show the corresponding quantities for i.d.d.s. 

seem to suggest that none of the two features of our results is exceptional. The 
results from Maui (28°48’N, 156°30’W) are particularly interesting. Situated at 
about the same latitude as ours, the V,-t curves for this place also exhibit two 
peaks around 0200 hours and 1800 hours though less prominently. 

Regarding our results on disturbed days one finds from Fig. 2(b) that these do 
not show any marked difference from those for quiet days (Fig. la). 


3.2. Heights of the peaks of F2- and F1-layers and the thickness of the F2-layer 

Fig. 3 shows the variations of the heights of the peaks of the F2- and FJ-layers 
(h,, 2 and h,,F1, respectively) and the thickness 7' of the F2-layer, given by 7’ = 
h,, F2-h,F2 where h,F2 is the height of the “bottom” of the F2-layer (during the 
day h,F2 =h,,F1). The crosses and dots show the values of these parameters 
determined from the “mean disturbed F-layer”’. For comparison, is shown in Fig. 
4 the average variations of h,,/2 at Slough and Maui for i.q.d.s. in a month as 
given by THomas (1959). The following features may be noted from these figures. 

(a) The values of h,,F2 at Haringhata for the i.d.d.s are greater than those 
for the i.q.d.s. This is a well-known behaviour of the parameter at a temperate 
latitude station during a geomagnetic disturbance. 

(b) The variation of h,, F2 at Haringhata again, has close similarity to that at 
Maui. The Slough values, on the other hand, show an opposite variation particu- 
larly during the midday period. 

(c) With the exception for the maximum at about 0600 hours (Fig. 3, March 
1955—February 1956 curve) in the variation of h,,F2 at Haringhata on quiet days, 
the curve shows marked semi-diurnal periodicity. Fig. 5 shows a comparison 
between this curve for Haringhata with the hump removed (the dotted portion 
indicating the probable shape of the curve in the absence of the hump) and a 
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similar curve (broken line) for Calcutta (28 miles from Haringhata). The latter 
curve was obtained by Mirra (1951) from an analysis of 4 years’ data (1946-1950) 
to study solar tidal effects. The close similarity between the curves strongly 
suggests the presence of tidal effects in the ‘‘mean quiet F-layer’’ here. 

As to the origin of the hump nothing can be said definitely. It may be due to 
group retardation by low-lying electrons with plasma-frequency less than fi, or 


some other phenomenon. 
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Fig. 4. Average variation of h,,F'2 at Slough and Maui for i.q.d.s. 
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Fig. 5. Average variation of h,,f'2 at Haringhata (marked H) and Calcutta (marked C). 
Dotted portion of the curve for Haringhata indicates the probable shape of the curve in 
absence of the hump around 0600 hours (Fig. 3, March 1955—February 1956 curve). 

3.3. Peak electron density in the F2-layer (N,,F 2) and the sub-peak electron content (v7) 

The variations of the peak electron density in the F2-layer (N,,F2) and the 
total electron content (7) in a unit column in the F-layer up to the level of h,, F2, 
in the ionosphere over Haringhata, are shown in Fig. 6. The crosses indicate the 
corresponding values on disturbed days. It will be seen that there are no significant 
differences between the values of the two parameters on quiet and disturbed days. 


3.4. The loss-coefficient model 
Assuming that the processes of electron loss in the F-layer are attachment-like, 
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the continuity equation for a given height, during the night hours, can be written as 
oN 
7 ‘= —pN,+M (1) 


where f is the coefficient of electron loss and M a probable movement term. When 
movement effects are negligible and the last term omitted, the equation can be 
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Fig. 6. Average variation of N,,F'2 and nr for i.g.d.s. Crosses show the corresponding 
quantities for i.d.d.s. 


solved easily to yield the value of 6. Ratcuirre ef al. (1956) have found that 
movement effects are negligible when the N,-¢ curves show a steady decrease at 
all heights with the advancing of the night. The January 1950 curves for Slough 
illustrate this kind of behaviour. The loss coefficient model that the above workers 
have derived under such condition is 


300 — h (k 
fi = 10‘ exp | - a =) sec™!, (2) 


Unfortunately, the ‘mean quiet F-layers” for Haringhata (Figs. 1 and 2) do 
not exhibit the above behaviour. Accordingly, these curves cannot be analysed by 
the above method to yield true values of the loss coefficient. We have, however, 
used selected portions of the curves (i.e., those around 1900 hours and 0400 hours 
where the curves show a steady decrease with the advancing of the night) for 
finding values of the loss coefficient. These values are given in Fig. 7 (filled circles 
for values derived from the yearly curves of Fig. 2(a) and open circles for those 
obtained from the monthly curves in Fig. 1 for Haringhata). It will be noted that 
while the filled circles fit the model of Ratcuirre et al. (indicated by broken line 
in Fig. 7) better, the majority of points define a different model (full line curve in 
Fig. 7) given by 

300 — h (km) 
B = 0-84 x 10-4 exp | 30 | (3) 
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Equations (2) and (3) differ significantly only in the values of the effective scale 
height (50 in equation (2) and 30 in equation (3)). It may be mentioned in this 
connexion that our value 30 is in better agreement with the more recent value 35 


of SCHMERLING quoted by Mirra (1959). 





sec”! 
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Fig. 7. Loss coefficient models. (Full line, model found for Haringhata; Broken line, model 
proposed by RatTcuiFFe et al., 1956). 
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Abstract—The dispersion equation of hydromagnetic waves, including the effects of collisions, is obtained 
for an arbitrary angle between the direction of propagation and the direction of a primary magnetic field, 
assuming certain approximations usually valid in the terrestrial ionosphere. Special cases of the general 
dispersion equation are considered and some well-known results are regained. Expressions for the 
dissipated power are derived. The propagation of hydromagnetic waves in a horizontally-stratified 
ionosphere is discussed, by analogy with the propagation of very-low-frequency radio waves, 


1. INTRODUCTION 


NvuMEROUS extensive theoretical investigations of hydromagnetic wave propagation 
have been carried out since its discovery by ALFVEN (1942), but these have all been 
more restrictive in some respects and more general in others than is appropriate to 
the ionospheric problem. For example no expressions of sufficient generality have 
yet been given for the susceptibility tensor or for the dispersion equation. The 
approximations which have been made are not applicable for all frequencies of 
interest at ionospheric heights and the more accurate treatments do not consider 
all directions of propagation with respect to the earth’s magnetic field. 

The main purpose of the present paper is to fill this gap and to provide fairly 
general expressions for the susceptibility tensor and for the dispersion equation of 
hydromagnetic waves taking advantage only of approximations which are valid at 
the heights and frequencies of interest in the terrestrial ionosphere. The method of 
deriving these expressions is taken over with very little alteration from papers on 
radio-wave propagation. This similarity of treatment may be helpful to the 
ionospheric physicist who is familiar with the ionospheric propagation of radio 
waves but to whom hydromagnetic waves are a new concept. 

There is a particularly close mathematical analogy between hydromagnetic 
waves and very-low-frequency (v.1.f.) radio waves in the ionosphere on account of 
their large wavelengths. In both cases the validity of the geometrical optical 
approximation is questionable and the solution of the differential equations of 
propagation is desirable. The differential equations of hydromagnetic wave 
propagation have been solved numerically for a horizontally-stratified ionosphere 
by DunGry (1954) in the case of a vertical dominating magnetic field and vertical 
incidence. Numerical methods for the solution of the differential equations of 
propagation of v.l.f. radio waves in a horizontally-stratified ionosphere have been 
given by BuppEN (1955) under more general circumstances. The application of 
such methods to the study of hydromagnetic wave propagation is discussed briefly 
in the present paper. 

In Section 2 of this paper some results of previous investigations of hydro- 
magnetic waves are reviewed. In Section 3 the approximations used in subsequent 
sections are justified in outline and compared with some approximations made 
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by previous workers. Section 4 contains the derivation of the susceptibility tensor 
and the dispersion equation. Important special cases are discussed and some 
well-known results are derived. In Section 5 expressions for the power dissipated 
per unit volume by hydromagnetic waves are derived in terms of the current 
density or the electric-field intensity, assuming a sinusoidal variation of the latter 
quantities with time. Section 6 discusses the numerical solution of the differential 
equations of hydromagnetic propagation for a horizontally-stratified ionosphere. 


2. Previous Work ON HypDROMAGNETIC WAVES 

Initial theoretical work on hydromagnetic waves by ALFVEN (1942) and 
WaLEN (1944) assumed an incompressible liquid. VAN DE Hutst (1949), ASTROM 
(1950), GrnzBurG (1951), LUNpQutIstT (1952) and GERSHMAN et al. (1957) assume 
either a fully-ionized gas or an isotropically-conducting compressible liquid. 

A fairly complete review of work on the dispersion equation of a fully-ionized 
gas is given by GERSHMAN et al. (1957). There are generally four characteristic 
waves in a fully-ionized gas in the presence of a dominating magnetic field. Only 
two of these waves remain if partial pressure terms are neglected. At frequencies 
well below the ion gyro-frequency these two waves are usually termed hydro- 
magnetic waves. Generally only one of the other two characteristic waves, arising 
from the partial-pressure terms is non-evanescent; it has the nature of an acoustic 
wave in the hydromagnetic frequency range. In the special case of transverse propa- 
gation three of the characteristic waves are evanescent leaving only one of the 
two hydromagnetic waves non-evanescent. 

The velocity of the hydromagnetic waves is almost independent of frequency. 
If this velocity is much greater than the velocity of sound, then the effect of the 
pressure terms on the dispersion equation of the hydromagnetic waves is small. 
In the special case when the direction of propagation is parallel to the dominating 
magnetic field (longitudinal propagation), the pressure terms are altogether absent 
from the dispersion equation of the hydromagnetic waves. 

Hines (1953), Dunery (1954), Prppineron (1954a, b, 1955, 1956) and 
AKASOFU (1956) assume a partially-ionized gas. Hines (1953) neglects collisions 
between different types of charged particles and derives the dispersion equation 
for propagation in the direction of the dominating magnetic field. 

DunGey (1954) extends Hrvzs’ treatment by taking collisions between ions 
and electrons into account. He only treats propagation in the direction of the 
field in detail but indicates briefly the modifications required for waves travelling 
obliquely to the magnetic field. DuNna@ry (1954) also shows that in the ionosphere 
the neglect of pressure terms, collisions between ions and electrons, and the motion 
of neutral particles, is justified if v.1.f. waves are excluded. The range of validity 
of these approximations, which are adopted in the present paper, is further 
examined in the following section. 

PIDDINGTON (1954a, b, 1955) has used a quasi-stationary type of treatment. 
He assumed that the medium may be described by a conductivity tensor which is 
independent of frequency. This type of treatment is always a good approximation 
in a fully-ionized gas. It is valid in weakly-ionized gases only if the circular wave- 
frequency is much smaller than the collision-frequency of an ion with neutral 
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particles. Thus at the peak of the F2-region the approximation is valid for wave- 
periods well over 10sec. At greater heights the period would have to be corre- 
spondingly longer. 

AKASOFU (1956) derives two very general equations, his equation of motion 
and his generalized Ohm’s law, for the mass velocity and the current density in a 
partially-ionized gas. He only applies these equations in their general form to 
propagation in the direction of the magnetic field and recovers DuNGEy (1954) 
results. He makes approximations similar to those of PIDDINGTON (1954a, 1955) 
in the treatment of transverse propagation. 


3. APPROXIMATIONS OF THE PRESENT INVESTIGATION 

The approximations used in this paper involve the neglect of partial-pressure 
terms, collisions between ions and electrons and the motion of neutral particles. 
The justification of these approximations is now discussed. 

Since the motion of neutral particles is neglected for reasons to be given shortly, 
only the neglect of the forces due to the partial pressures of ions and electrons 
has to be justified. 

In a homogeneous medium this justification is relatively simple if the velocity V 
of the hydromagnetic wave is much greater than the velocity C of sound in the 
gas (see for example SpirzER, 1956, p. 57.) This condition is usually satisfied 
in the ionosphere as for example the results of Section 4 of the present paper show. 

In a stratified medium the characteristic length z) of the stratification tends 
to take the place of the reciprocal wave-number k~! of the hydromagnetic wave 
in the determination of the perturbation pressure gradient if z,< /~!. In this case 


it would appear that the neglect of the pressure terms is still justified if V > Ck-/z, or 


ty K 2nz,/C (1) 


where f, is the wave-period. This would restrict the application of the results of 
Section 6 of the present paper to wave-period of less than about 1 min in the 
terrestrial ionosphere. 

The two remaining assumptions of the present approximations are best examined 
with the aid of DunG@ry’s (1954) equation (15) which is valid for propagation in the 
direction of the field; examination of the general case leads to similar results. 
Duncey’s equation (15) shows that the neglect of collisions between ions and 
electrons is justified if 

¥.;§ K Q,Q,,/20(@? + 2/4)? 


ei ~ 
and that the neglect of neutral particle motion is justified if 
wo > v,6/2p 


where y,, is the collision frequency of an electron with ions, y; is the collision- 
frequency of an ion with neutral particles (it is assumed that all the ions are 
positive and that their mass is equal to the mass of the neutral particles), Q, and Q, 
are the electron and ion gyro-frequencies taken with the positive sign, 6 is the 
density of charged matter and p the density of neutral matter. 

Substituting into condition (2) the numerical values 2, ~ 10% sec™!, 
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Q, ~ 300 see}, vy, ~ 1 sec, v,, ~ 103 sec representing conditions near the peak 
of the F2-region and taking the highest frequency of interest as 1 c/s, one obtains 


),O,0,/2@(w? + 2/4)? ~ 4 x 107 sec? > v,; ~ 103 sec. 


The above assumptions correspond to a neutral-particle density about a 
thousand times greater than the density of charged particles; condition (2) would 
thus still hold if the charged particle density were greater by a factor of 10 than the 
neutral-particle density. One is safe to assume that condition (2) remains satisfied 
below a height of 1000 km but it is not known whether there are enough neutral 
particles to satisfy it at still greater heights, or whether it is necessary to consider 
electron-ion collisions. 

Considering condition (3) DunG@Ery (1954) estimates that the largest value of 
v,0/p is about 10-8 sec~! in the ionosphere and thus condition (3) demands that the 
wave period should be considerably less than 47 x 103 sec ~ 3 hr. This is not a 
very severe restriction. 

Although waves of such very-low frequency are not discussed in the subsequent 
parts of this paper, it is instructive to consider briefly the full dispersion equation 
which takes them into account. It is convenient to consider the case where the 
wave-frequency is well below the gyro-frequencies and where the collision-frequency 
of an ion or an electron is well below its gyro-frequency. HINEs obtains for this 
case and propagation in the direction of the field (HtNES’ equation (47) with the 
displacement current neglected) 


 * ple + aie 4 — ae 


2 B.2 vp — t6r,/2 
(62) : Io op : | (4) 


where B, is the induction of the dominating magnetic field and wu the permeability. 
The m.k.s. system of units is used throughout the present paper. HINES uses a 
differently-defined collision-frequency A, which corresponds to »,/2 in the present 
notation. 

For frequencies well below m, = 7,;6/2p equation (4) results in w?/k? ~ By?/u 
(p + 6). Thus w?/k? is nearly real in this case and its square root B,[u(p + 6)]-? 
is the velocity of the wave as given by ALFVEN’s formula. 

For frequencies well above w, = (7,/2)(p + 6)/p equation (4) results in 
wo*/k? ~ B,?/ud and thus w?/k? is again nearly real but the velocity of the wave 
B,(uo)-'? is obtained by substituting into ALFvEN’s formula the density of 
charged matter only. 

A wide intermediate-frequency range w, <<<, exists in the ionosphere 
below the height of about 500 km but not at very great heights in the outer 
ionosphere. Within it w?/k* is very nearly pure imaginary. Waves in this frequency 
range are heavily attenuated and are similar to evanescent waves. (For a truly 
evanescent wave k? would be negative.) 

The approximation used in the present paper is valid for circular-frequencies 
much higher than , while PrppINGTON’s (1954a, 1955) quasi-stationary approxi- 
mation is valid for frequencies well below @,. If the intermediate range 
oO, Ko < Wy exists, both approximations are valid within it. 
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4. HyprRoMAGNETIC WAVES IN A HoMOGENEOUS WEAKLY-IONIZED GAS 


It has been pointed out in the Introduction that, using the approximations of 
the previous section, the mathematical techniques required for the treatment of 
hydromagnetic waves are readily available. These known techniques are used in 
this section to derive the dispersion equation of hydromagnetic waves for an 
arbitrary angle between the wave-normal and the magnetic field. 

One well known method (Ratcriirre, 1959) of describing an ionized medium 
uses the polarization vector P that such 

D — Ey Ee i P (5) 
where D is the displacement vector and ¢, the dielectric constant of free space. 
This polarization vector can be calculated from the equations of motion (CHAPMAN 
and CowLineG, 1955, p. 415) for ions and electrons. The result may be written 
in the form 

P = ¢, ME (6) 
where NM, the susceptibility tensor may be written as the sum 

M= M, + M, (7) 
of an electric term St, and an ionic term M,. The electronic term is known from 
the magneto-ionic theory and is given (RATCLIFFE, 1959) by 


o i l ? | ae em ) ae iU, ¥ 7 be bg 


ao U2—Y,2 es) Fem fe 2 


2 
ye ? 


js i U, 5 ss Fis } u? "at bt 


ze we? 


ve 


X 
; ‘ e : 7 UY : po VY 
ojos Tt 


rit ye ze 
—iU,Y,,— 1 
(3) 
while the ionic term MM, is given by a similar tensor obtained by replacing the 
subscript e by the subscript 7 and changing the sign of each Y symbol. The symbols 
used in (8) are defined by 
fd €By/m,o » F = €By/m,o 
= 1—i1Z, = 1 — i1,/o ,=1—12, = 1 — iv,/20 
= Ne?/eym,w , = Ne?/egm,w? 
—= v,/@ = y,/20 
where m, is the mass and e the charge (taken with a positive sign) of an electron, 
m, the mass of an ion and N the number density of electrons (or ions). The time 
factor exp (iw) is understood in all time-varying quantities in the above equations. 
It is convenient to write equation (5) in the form 
D = «,RE (9) 
where & is the dielectric tensor. By suitable orientation of the axes such that 
Bo, = Bo, = 0, this tensor can be put into the simple form 
(K,, —K,, 0 
K., K,, 90 (10) 
0, 0; Ee 
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where 
:t x, 
2 i a 
oo. ae 
rs — ee" 


e 


Xi —<@) 


¥e—Q—iP 


X,Y, 
—~ i —<ap 


i< = (13) 
The refractive index » of a hydromagnetic wave, propagating in a direction 
which forms an angle @ with the magnetic field, is then given (Hinks, 1951, 1957) 
as a solution of the equation 
an* + aon? + a, = 0 
where 
a, = K, cos? 6 + K, sin? 6 


to = —[K,K,(1 + cos? 6) + (K2 + K,?) sin? 6] 
a, = (K+ K,9)K, 


The roots of the quadratic equation (14) for n* give the squares of the refractive 
indices of the two characteristic hydromagnetic waves for frequencies below the 
gyro-frequencies. For sufficiently high frequencies the roots are well approximated 
by the Appleton—Hartree equation, which can be obtained from (14) by setting 
m, = @. 

Equations describing the polarization of the characteristic waves, corresponding 
to the roots of equation (14) can be obtained from equations (24), (25) and (26) 
of Hines (1951) in conjunction with equation (9) of HrvEs (1957) if the expressions 
(11), (12) and (13) of the present paper are substituted for the corresponding 
components of the dielectric tensor. 

Some special cases of the general dispersion equation (14) are now considered. 
In the simplest case of longitudinal propagation (6 = 0) the roots of (14) are 


n= Ki K, (18) 
while for transverse propagation (6 = 7/2) the two roots n,? and n,? are 
tk i eae 
n,* = K, + K,7/K, (19) 
i = Ky (20) 


Equation (20) confirms the well-known result that in transverse propagation the 
ordinary wave is not influenced by the magnetic field. 

A very important approximation is expressed by the conditions that the 
collision-frequencies are smaller than the corresponding gyro-frequencies, or 
Z,<Y,, Z4,<Y, and that the circular-frequency is well below the ion gyro- 
frequency and therefore Y,>1, Y,;> 1. Equations (12) and (13) then take 
the form 

Ki, =14+X,(1 —7Z,)/Y,2 + X11 —iZ,)/Y? 


e 
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and the two solutions of (14) are 
9 - 
n,* = K, 
Ge Bee ¥ 2 | 7 ain2 ¢ 
no” = K,K,/(K, cos? 6 + K, sin? 6) (24) 


with Ko, K, and K, given by (11), (21) and (22). Insertion of numerical values 
shows that 


|K | > [4] (25) 


and therefore for angles not too near to 90° 
to" = K,/cos? 6. (26) 


If the approximation is carried one step further by neglecting losses and noting 
that m, > m,, one obtains 


Ky =~ —0,7/0*, Ky, = 1 + N(m,; + m,)/e,B,?. 27) 


where w, = (Ne?/e,m,)!? is the electron plasma-frequency. The mode indicated 
by (23) has a velocity independent of m and given by 


(€qMoKy) 1? = [Moee + MoN(m, + m,)/Bye]*? = BoluoN(m; + m,)] 7. — (28) 


This is the well-known formula for the velocity of a hydromagnetic wave propagated 
by the charged particles only. The mode indicated by (24) has the velocity given 
by (28) for 6 = 0 and is evanescent for 6 = 7/2 since Ky is negative. For angles 
sufficiently removed from 6 = 7/2 equation (26) gives for the velocity 


(Mo&o4,) 1? cos 6 ~ ByolugN(m; + m,)]-1? cos 0. (29) 


This mode is guided along the magnetic lines of force in the same way as whistlers 
(STOREY, 1953). With the present simplified assumptions the wave-velocity 
vanishes for 9 = tan~!(|Ky|/K,) and according to (25) this angle is very close to 90°. 
For angles 9 nearer to 90° than this critical angle the waves are evanescent. In 
practice pressure terms modify the behaviour of the waves near 0 = 90° because 
the wave-velocity given by (29) is not greater there than the velocity of sound. 
The velocity (28) is, however, several orders greater than the velocity of sound 
in all parts of the ionosphere and thus our approximation only breaks down for 
one of the modes (the one, whose energy is guided along the field lines) in the 
vicinity of 6 = 7/2. 

If losses are taken into account, then the refractive indices of the two modes 
are given by equations (23) and (26) together with (21). The attenuation is mainly 
determined by the ionic term in (21) which is much greater than the electronic 
term. If the circular-frequency is much greater than the collision-frequency of an 
ion with neutral particles, or Z,< 1, then the refractive index is almost real; 
if Z; > 1, then the square of the refractive index is almost pure imaginary. If the 
circular-frequency is lowered below the collision-frequency of a neutral particle 
with ions v,6/p then, as explained in Section 3, the present approximation breaks 
down and the refractive index becomes real again, but has a much greater value 
corresponding to the substitution of the density of the whole gas, neutral particles 
included, into ALFVEN’s formula. 
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The assumptions leading to (21) and (22) are usually valid in the F-region but 
not in the #-region, in parts of which the collision-frequency is greater than the 
gyro-frequency for ions but not for electrons and thus |K,| > |K,|. In this case 
the refractive indices given by (18) for longitudinal propagation and (19) for 
transverse propagation differ greatly. The situation is very similar to that found 
in the dynamo theory of magnetic variations, where the “‘effective conductivity” 
at #-region heights at moderate latitudes is given approximately by the Hall 
conductivity o, but near the equator the “Cowling conductivity” o, + o,?/0, 
becomes effective while at F-region heights the effective conductivity is of the 


order o, at all latitudes. 


5. THe Dissipation OF HyDROMAGNETIC WAVES 

The dissipation of hydromagnetic waves has been suggested (DESSLER, 1959) 
as a possible cause of ionospheric heating. It has been pointed out in the Intro- 
duction that a solution of the differential equation of hydromagnetic waves is 
usually necessary before the dissipation can be properly calculated. 

It is assumed in this section that such a solution has been obtained and 
expressions are developed for the power dissipated per unit volume in terms of 
either the electric field intensity or the current density. 

The mean dissipated power Pp per unit volume is given by 


Py = Re(iE . j*) (30) 


where Re stands for “‘real part of”, j is the current density, E and j are complex 
vector quantities and the asterisk denotes the conjugate complex value. The 


magnitudes are equal to the peak values of the sinusoidally-varying quantities. 
In the formation of Section 4 it was convenient to treat the ionized medium 
as a dielectric. For the purposes of equation (30) it is more convenient to regard 
the medium as possessing conductivity (this is the more usual formulation in 
magneto-hydrodynamics), the current density being given by 
j = 1@(D — «,E) = ioP. (31) 
It is convenient to consider the parallel and normal components with respect to 
the magnetic field E,, E, and j,, j, of E and j separately. Then in terms of 
the dielectric tensor (9) 
sere eee , * Df ee) en Were pia | 7 ee ee pe 4 
Py = Re(sE, .j,*) + Re(4E, .j,*) = dveo|#,,|? |[Im(K4)| + dve,|#, |? |Im(K,)| 
(32) 
or writing (32) in terms of the current densities given by 


jy| = M€o|Ky — 1 |E,,\> 7, came we o(|Ky — 1)? + |K,|*)2|2, (33) 


one obtains 


Py = 1), |? |Im(K,)|/2we9|Ky — 1]? + |J, |? Im(K,)|/2weo(|K, — 1}? + |K,]|?). 


Equations (32) and (34) are quite general. In practice the second is the more 
important of the two terms on the right of these equations. In the special cases of 
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vertical incidence with the magnetic field vertical or horizontal the first term can 
be shown to be negligibly small. 

For circular-frequencies well below the ion collision-frequency the quantities 
K,— land K, are almost pure imaginary so that |Im(K,)| =|A, — 1), |Im(K,)| =|K,) 
and thus in terms of the conductivities defined by o, = lim(we)|K, — 1)), 


o-, 


= lim(@é9|K |) one may rewrite (34) with the first term omitted in the form 


a—-0 
2 ae Le Ty Q5 
Py = 3/5, P/os (35) 
where 
1 9 € 
is usually called the Cowling conductivity. This result has been derived previously 
by Cow ine (1956) and Prpprxeton (1954a). Its validity depends partly, as 
CowLinc has pointed out, on the neglect of pressure terms and partly, as will be 
seen shortly, on the assumption that the circular-frequency is much smaller than 
the ion collision-frequency or more concisely that Z; > 1. 
If the contrary is true and Z; <1, then from equation (12) for Y,> Y,5 


Oe Ae eee a ee r 
Py = 34, ]j, 7/03 = 32,5, Y F/oeoX, 
which is smaller by a factor Z; than the value given by (35). 
In the special case of a single hydromagnetic wave propagated in a homo- 


geneous medium the two approximations (35) and (37) may be expressed in terms 
of the perturbation induction b. Neglecting the displacement current one has 


curl b = pj (38) 
and in our two special cases of vertical incidence, vertical field and vertical incidence, 
horizontal field this simplifies to 

[A] |b] = modal: 
Equation (37) thus leads to 
in = 19, By*v,[/40?Nm, = |ki? B Pv ;|b|?/40%u92Nm,; (40) 
or, since for Z; <1 one may write w/k = By(u ,Nm,)-'?, equation (40) becomes 

at | 12 

Pp = »;|b/?/4 115. (41) 
Equation (35) can be modified in a similar manner remembering that k? is 
pure imaginary so that the phase velocity V,,,, of the wave is 


oy/2/|k| = Viz = |b] V2/to]),|- (ea) 


Equation (35) may then be written in the form 
Do ont bs ‘ 
Pp = Ww (| | Woo3) HM: (43) 
Equations (41) and (43) differ only by small numerical factors from corresponding 
expressions of DESsSLER (1959). Presumably DESSLER was only interested in orders 
of magnitude. DEsSSLER’s formula corresponding to equation (41) of this paper 
gives a value too low by a factor of 4 while his formula corresponding to equation 
(43) gives a value too low by a factor of 2-5. 
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It must be kept in mind that equations (41) and (43) are only valid for a single 
hydromagnetic wave in a homogeneous or slowly-varying medium. In general it is 
safer to use equations (32) and (34) for the calculation of dissipation. 


6. HypDROMAGNETIC WAVES IN A HORIZONTALLY-STRATIFIED 
PARTIALLY-IONIZED GAS 

The propagation of hydromagnetic waves through a homogeneous medium was 
considered in Section 4. The results could be applied fairly directly to a horizontal y- 
stratified medium if a ray treatment was justified, i.e. if the variation of the 
refractive index within distances of the order of a wavelength were not too great. 
Unfortunately, even for relatively high frequencies such as 1 c/s, the wavelength 
in the ionosphere is generally greater than 100 km and thus the variation in the 
properties of the medium with height is quite large in a wavelength. A technique 
was developed by BuDDEN (1955) to deal with this type of situation by numerical 
integration of the differential equations of wave-propagation in a horizontally- 
stratified medium, using an electronic computer. 

The differential equations were given in a form suitable for numerical integration 
by CLemMow and Heaptne (1954). They expressed these in the form of four 
simultaneous first-order differential equations which are given in matrix notation by 


e’ = —ikTe (44) 


where e is a vector with the four components #,, —E, Z,H,, Z,H,, where Z, is 
the impedance of free space, the 2- and y-axes are parallel to the planes of strati- 
fication and the «w- and z-axes are parallel to the plane of incidence. T is a three by 


four matrix given by equation (15) of CLEMMow and HEADING in terms of the 
components of 9 which in our problem is the susceptibility tensor given by 
equation (7). The prime in e’ on the left of equation (44) indicates differentiation 


with respect to z (height). 

If some value (or distribution with depth) of ground conductivity is assumed 
then the boundary conditions are determined at ground-level apart from the 
arbitrariness in polarization. The general solution is then a linear combination of 
two solutions obtained by starting with two arbitrary but different states of 
polarization from the ground and integrating upward step by step through the 
ionosphere. Some assumed conditions about the state of polarization at great 
height then determine the coefficients of the linear combination. 

There is here a difference between the propagation of long radio waves and 
hydromagnetic waves in practice. The latter usually come down through the 
ionosphere and are reflected from the ground while the former usually start from 
the ground and are reflected from the ionosphere. Apart from this difference, 
which changes the direction of integration, the reader is referred to BUDDEN’s (1955) 
paper for further details of the method. 

The differential equations are greatly simplified in the two special cases of 
(a) vertical incidence, vertical magnetic field and (b) vertical incidence, horizontal 
magnetic field. 

In case (a), previously discussed by DuncGry (1954), the differential equations 
may be written in the form of two separate simple wave equations for the two 
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circularly-polarized components of the electric field intensity, with the refractive 
indices given by (18). Alternatively the two pairs of first-order simultaneous 
differential equations (60) and (70) for two variables each of CLEmMow and HEADING 
(1954) may be used. 

Case (b) is still simpler as there is only one propagating mode and it is not 
coupled to the evanescent mode. The differential equation may then be written 
either in the form of a wave-equation in the component of the electric field in the 
direction of propagation, using the refractive index given by (19) or in the form of 
the pair of first-order simultaneous differential equations (64) of CLEMMow and 
HEADING (1954) for 6 = 0. 

Numerical solutions of the nature just outlined would lead, in the writer's 
opinion to a better understanding of the process of ionospheric shielding of magnetic 
disturbances. 

It may be argued that at very-low frequencies a treatment using plane strati- 
fication fails to take into account that the boundary conditions must be satisfied 
over a sphere rather than a plane. An approach similar to that used in the dynamo 
theory of magnetic variations (see for example Fryer, 1953; Marpa, 1957) could 
then be a more appropriate method of treating the shielding of magnetic disturb- 
ances by the ionosphere. A greatly-enhanced conductivity along a narrow 
equatorial strip in the ionosphere may well play an important part in the shielding 
process and could produce enhancement instead of shielding on the ground in the 
vicinity of the equator. 


7. ConcLUDING REMARKS 


It has been demonstrated that the general equations governing hydromagnetic 
propagation in the ionosphere for wave periods of less than about | hr are in many 
respects very similar to the equations governing the propagation of radio waves. 
In view of the very large wavelengths of hydromagnetic waves it is further concluded 
that some of the mathematical techniques used in the study of the propagation 
of v.1.f. radio waves in the ionosphere would be necessary for the study of ionospheric 
shielding and dissipation of magnetic disturbances. 

In an investigation of dissipation it was found that at circular wave-frequencies 
well below the ion collision-frequency dissipation caused by the component of the 
current density normal to the magnetic field may be calculated from CowLina’s 
formula |j,|?/2c, but that for frequencies well above the ion collision-frequency 
the modified formula (v,/2c)|7,|?/20, must be used. 
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Abstract—The presence of incoherently scattered energy in the h.f. pulse echoes from the ionosphere gives 
rise to errors in the absorption value determined from the median echo amplitude. These errors are 
larger for the second-order than for the first-order echo. The calculations are confirmed by experi- 
mental results. 
THE formulae commonly used for the determination of ionospheric absorption LZ 
(expressed in decibels) from the amplitudes #, and HE, of pulse echoes reflected 
once and twice, respectively, at a virtual height h’ in the ionosphere, are 
0 
L, = —20 log p, = 20 log (a) 
2h'E, 

‘Op, | 
4h'E, 
where p is called the apparent reflection coefficient of the ionosphere, C is an 
instrumental constant and p, is the reflection coefficient of the ground. These 
formulae are based on a very simple geometrical model, assuming reflection from 
a homogeneous layer. Under this condition it is to be expected that the echo 
amplitude varies relatively slowly, according to the variation of absorption. 

In fact, however, the echo amplitudes show rapid fluctuations, even after the 
interference between the magneto-ionic components of the echo has been elimi- 
nated. These fluctuations are interpreted as the interference between a regularly- 
reflected wave and a number of incoherent waves scattered by inhomogeneities 
in the reflecting layer (RATCLIFFE, 1948), so that the probability distribution of 
the resulting amplitude R is a Rice-distribution 


2R R24 @ 2R 
p(R) aR =". exp | aj ~~) dR (3) 
C 


L, = —20 log p, = 10 log | 


az ac 
where a? is the regularly-reflected energy and ¢ the ratio of scattered energy to 
regularly-reflected energy (see, e.g., ALPERT, 1953). J, is the Bessel function with 
imaginary argument. Then the mean square amplitude of the received echoes is 
the sum of reflected and seattered energies, or 


BR - [ “xep(R) ar = a%(1 + 2). (4) 
0 


e 


Usually the rapid fluctuations are eliminated from the determination of ionospheric 
absorption by inserting in the equations (1) and (2) appropriate mean values for 
the amplitudes £, and #,, though the conditions of these formulae are not really 
fulfilled. The distribution (3) shows that all mean values will be influenced by the 
parameter ¢, representing the “‘degree of incoherency’’, which has already been 
suggested by Piccort (1953). In particular, it is to be expected, that the degrees 
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of incoherency are different for the first- and second-order reflections, respectively. 

It is possible to estimate the error in absorption measurement introduced by 
neglecting incoherency, using the equations recently derived by ATAEV (1957) 
from a simple model consideration. For the mean-square amplitude of the first- 
order echo, ATAEV got 


(5) 


where & is the value of ¢ for the first-order echo, EH, is a constant, and « is an 
effective reflection coefficient for the reflecting layer, which is determined by the 
scatter mechanism. For the second-order echo, however, he got 
E,? 
RP = Tapia Po’ptat (1 + 46 + 26?) (6) 


if the inhomogeneities are large compared with the sounding wavelength, or 
25444(] + 1-78E + 0-5E2 7 
7g Po Poe + B-7BE + OBE) (7) 


if the inhomogeneities are small compared with the sounding wavelength. Thus, 
if the degree of incoherency is & for the first-order echo, and 7 for the second-order 
echo, we have the relations 
n= 48 + 2 (8) 
for ‘‘large”’ inhomogeneities, and 
n=l: BE (9) 
for “‘small” inhomogeneities. The influence of ionospheric absorption, however, 
is contained only in the factor before the parentheses in equations (5), (6) and (7). 
Now it is clear that the presence of random components in the ionospheric 
echoes gives rise to errors in the absorption measurement, which are different for 
the first- and second-order echoes. If we denote the real absorption by L,, while 
L, and L, are defined by (1) and (2), we derive from ATAEv’s formulae 


(=) + 20 log (10) 


L, — L, = fi(é) + 20 log 7 


L, — L, = f,(é) — 10 log (2s) + 10 log ¢*s) (11) 


CU a) 

where the (#,)/C)-term on the right-hand side results from the fact that the constant 
C is usually determined from amplitude measurement at night, which also contains 
an error from incoherency, which may, however, be different from the error in 
day-time. Similarly, the (p,/p,’)-term takes into account the influence of a possible 
error in the assumed value of p,’.. Hy and p, are the “true” values of C and p,’, 
respectively. The (log «)-term in (10) contains the effective reflection coefficient « 
of the reflecting layer. If we simply assume that the scatter mechanism is forward- 
scattering in such a way that the total energy returned in the first echo is the same 
as in the case of regular reflection only, it follows from equation (5) that 


(12) 
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The values of (Z, — L,) and (LZ, — L,) vs. & after equations (10), (11) and (12) 
are represented in Figs. 1 and 2. They have been calculated under the assumptions 
that the inhomogeneities are large compared with the sounding wavelength, and 
that median amplitudes are used in the formulae (1) and (2). For calculating the 
medians of Rice-distributions, the numerical tables of Norton et al. (1955) were 
used. The shaded areas in Figs. 1 and 2 give the range of possible values caused 
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1. Difference between true absorption ZL, and measured absorption L, from the first- 
order echo (for “‘large’’ inhomogeneities). 
























































Fig. 2. Difference between the absorption values L, (first- order echo) and L, (second-order 
echo) vs. degree of incoherency & (‘‘large’’ inhomogeneities). 


by the unknown value of the (£,/C)-term in equations (10) and (11), the maximum 
value of which is 1-6 dB. 

An experimental verification of equation (11) has been got from the results of 
routine day-time absorption measurements at Juliusruh/Riigen in winter 1957— 
1958. The sounding frequency was 3-86 Mc/s, so that the reflection level was in 
the lower F-region. The histogram in Fig. 3 shows the frequency distribution of 
the differences (L, — L,), in decibels, for 335 absorption measurements carried out 
under undisturbed ionospheric conditions. We find that 87 per cent of all differ- 
ences are positive, like the values of Fig. 2, while the calculation of equation (11) 


149 





J. TAUBENHEIM 


with “‘small’’ inhomogeneities (equation (9)) gives only negative differences for all 
values of &. This shows qualitatively, that the scattering in the lower F-region is 
caused mainly by inhomogeneities which are large compared with the sounding 
wavelength of 78 m. Most frequently we have differences between -+-1 and +2 
dB. This is in good agreement with the values of Fig. 2, if the order of magnitude 
of is 1 and greater. The mean value (about 3 dB) of the histogram distribution 
in Fig. 3 is slightly greater than the theoretical maximum value of equation (11). 


Number of cases 





























6B 


Fig. 3. Distribution of the differences L, — L,, from measurements at Juliusruh/Riigen 
in winter 1957-1958 (3-86 Mc/s). 


This might be due to the fact that the degree of incoherency of the second-order 
echo can be further enhanced by the roughness of the ground, as suggested by 
PiacortT (private communication). Large-scale focusing effects, too, can enhance 
the multiple-order echo amplitudes more than the first-order amplitude. 

Since, for Juliusruh/Rigen, it is assumed that p,’ ~ 1, the measured differences 
(L, — L,) would be even too small, if the assumed value of p,’ should be in error. 

Conclusion—The presence of incoherently scattered energy in the ionospheric 
echoes gives rise to an error in the absorption value determined from the median 
echo amplitude. This error is not greater than 1-6 dB, if the first-order echo is used. 
The absorption calculated from the amplitude of the second-order echo, however, 
will be always too low. Similarly, it is easily seen that the method of determining 
ionospheric absorption from the amplitude ratio of first- and second-order echoes 
after the formula 


Ly, = 20 log (E,/2E,) (13) 


gives incorrect values, which may be 3 dB lower than the correct values. All these 
conclusions agree well with the experiences of other authors (e.g. Pracotr, 1959). 
The results of the present consideration are not essentially changed if arith- 
metic mean amplitudes are used instead of median amplitudes, because for a Rice- 
distribution the median value is not more than 0-5 dB lower than the mean value. 


Acknowledgements—The writer is greatly indebted to Mr. W. R. Piacorr, Slough, 
and Dr. H. ScowenteEk, Lindau, for their helpful critical remarks on the first form 
of the manuscript of this paper. 

150 





Incoherency of pulse echoes and the measurement of ionospheric absorption 


ALPERT YA. L. 

ATAEV O. M. 

Norton K. A., Vocier L. E., 
MANSFIELD W. V. and SHortT P. J. 

Piccotrt W. R. 


Piacotrt W. R. 


RATCLIFFE J. A. 


{EFERENCES 


1953 


Usp. Fiz. Nauk, Mosk. 49, 49. (In 
Russian.) 

Radiotekhnika i Elektronika 2, 523. (In 
Russian.) 

Proc. Inst. Radio Engrs, N.Y. 48, 1354. 


Proc. Inst. Elect. Engrs, Pt. III, 100, 61. 

URSI-AGI Meeting, Brussels, Sep- 
tember, 1959. 

Nature, Lond. 162, 9. 





Journal of Atmospheric and Terrestrial Physics, 1960, Vol. 18, pp. 152 to 159. Pergamon Press Ltd. Printed in Northern Ireland 


Sur la détermination des hauteurs réelles de l’ionisation dans les 
hautes latitudes 


D. Lepecurinsky et C. TATEB 
Groupe Ionosphére du CNET, Bagneux (S), France 


(Received 15 December 1959) 


Abstract—The z-trace which often appears on ionograms of high latitude stations is usually much better 
defined than the o-trace, the latter being rather diffuse. True height determinations including the earth’s 
magnetic field now in use being all based on the o-trace, the writers propose a new matrix method, 
similar to that of Dr K. G. BupDEN but applicable to the z-trace. The appropriate matrix has been 
calculated (for fg = 1-8 Mc/s) for frequencies up to 6 Mc/s and the results of a profile determination is 
presented involving both “‘o” and z-matrix methods for a typical Terre Adelie ionogram. 


1. INTRODUCTION 
Diverses méthodes ont été mises au point pour la détermination des hauteurs 
réelles de lionisation a partir des ionogrammes (h’f) obtenus par les sondages 
ionosphériques verticaux. Les méthodes les plus simples négligent influence du 
champ magnétique terrestre et celle des chocs entre les électrons et Jes autres 


particules (voir par exemple KELSO, 1952). 

Les méthodes actuellement les plus completes tiennent compte de l’influence du 
champ magnétique terrestre (qui peut étre tres grande, l’erreur commise en négli- 
geant cet effet pouvant atteindre 20 pour cent sur la hauteur réelle) et n’envisagent 
pour le profil de la couche que lhypothése d’un accroissement monotone de la 


densité électronique avec l’altitude (voir par exemple BuppDEN, 1954). Toutefois, 
méme ces dernicres méthodes négligent compléetement l’influence des chocs. Elles 
sont toutes basées sur la trace (h’f) du rayon “‘ordinaire’. Or l’influence des chocs 
n'est faible que lorsque le nombre de chocs est faible et que la propagation reste du 
type “quasi-transversal” (BooKER, 1934), c’est-a-dire lorsque la direction de 
propagation fait un angle suffisamment grand avec celle du champ magnétique 
terrestre. Elle devient par contre trés importante lorsque la propagation passe au 
type “‘quasi-longitudinal’. 

On sait qu’en l’absence de chocs, cette circonstance ne se produit que si la 
direction de propagation coincide strictement avec celle du champ magnétique 
terrestre (inclinaison magnétique 4 = 90°); au contraire, si l’on tient compte des 
chocs, le “niveau de transition’ (LEPECHINSKY, 1956, 1957) de la région inférieure 
ou le nombre de choes est grand (région-QJ) a la région supérieure (région-Q7') ou 
il est faible, se situe pour toutes les fréquences émises a la verticale 4 une altitude 
telle que: 

; cos? 6 (1) 
ve = PH F sin 6 


vy, €tant le nombre de chocs par sec et p, la pulsation de la gyrofréquence f,,, 


c 


donnée par: 
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ou H est le champ magnétique terrestre, ¢/m le rapport de la charge et de la masse 
de l’électron et c la vitesse de la lumiére dans le vide. 

En adoptant pour f;,; la valeur moyenne de 1,2 Me/s, et pour la loi de variation 
du nombre de choes y avec |’altitude une loi exponentielle basée sur les données de 
la Circulaire No. 462 du National Bureau of Standards des Etats-Unis, LeEpEcuin- 
SKY, (1956, 1957) a caleulé la courbe de variation de laltitude du niveau de 
transition QL-QT7, répondant a |’équation (1) en fonction de linclinaison 6 du 
champ terrestre. D’aprés cette courbe, la propagation est du type QL, non seule- 
ment au pole magnétique (#6 = 90°) mais aussi dans les régions voisines, pour 
Vionosphére inférieure, la limite de QZ-QT' se situant 4 200 km lorsque 6 = 88-5° 
et 4 100 km lorsque 6 = 67° (la région de propagation QL étant bien entendu celle 
ou vy > »,). 

Il est done bien évident que pour certaines stations de sondage voisines du 
pole magnétique—telles que la Terre Adelie (9 = 89°), méme la région-F se trouve 
dans la région-QL. 

Or on sait que cette région est caractérisée par l’absence du rayon “ordinaire’’, 
théoriquement, la réflexion QZ s’effectuant selon les relations: 


X =1+4+ Y pour le rayon z | 


X = 1 — Y pour le rayon x | 


ou X = 47Ne?/mp*? et Y = py/p, N étant la densité électronique et p la pulsation 
de l’onde émise. 

Les ionogrammes obtenus en Terre Adelie au cours de | AGI accusent en effet 
dans beaucoup de cas, des traces “‘ordinaires”’ trop diffuses pour étre utilisables, 
méme dans la région-F’, de sorte que les méthodes actuellement mises au point pour 
le calcul des hauteurs réelles, toutes basées comme on |’a vu sur les traces “‘ordi- 
naires’ des ionogrammes sont difficilement applicables a cette station. Lorsque la 
trace o est présente simultanément en Terre Adelie la trace z est toujours beaucoup 
mieux marquée et plus facile a dépouiller. 

Il nous a done paru utile de proposer une méthode de calcul convenant a cette 
catégorie de stations et basée sur les traces 2. 


2. METHODE DE CaLcuL DES HauTeuRS REELLES A PARTIR DE LA TRACE 

Pour simplifier les calculs, nous admettrons pour condition de réflexion 
condition ci-dessus, ¢c’est-a-dire: 

iw 
qui revient 4 négliger l’influence des chocs mais a tenir compte du type de propaga- 
tion. Ne faisant ensuite aucune hypothése spéciale sur le profil de la couche 
ionisée, nous admettrons seulement que sa densité électronique augmente de fagon 
monotone avec l’altitude. L’indice de réfraction de phase est alors: 
uu : (4) 
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ou f, = fréquence de plasma (f,? = Ne?/7m, N étant la densité électronique); 
f = fréquence d'utilisation. 
os tan 
$ 
ou fy = gyrofréquence. 
Nous savons qu’entre une hauteur virtuelle (ionogramme) et une hauteur réelle 
(que l’on veut calculer) il existe la relation: 
*Zr 
A’(f} = | u'(f, fo) dz (5) 
Zr = hauteur réelle de réflexion. 
Nous écrivons, comme le fait BUDDEN (1954) la relation (5) sous la forme: 


ig Iz 
h'(f) = i L'(f; fo) = df (6) 


ou A’(f) = hauteur virtuelle (ionogramme); 
u'(f.fy) = indice de réfraction de groupe, fonction de f et fy, quand on s’est 
fixé la valeur de la gyrofréquence. 
Or, «’ est connu a partir de l’indice de réfraction de phase y, par la formule de 
Rayleigh: 
_ lu 
= per df ° 


fo” 


f*+fa 
Dérivons par rapport a f; on a: 
2u du a So°(2f + fa) 
df (f? + ff)? 
Entre (7), (8) et (9), on a d’autre part: 


ae I zs Lfo?/(f? Ze ffi] + fo°(2f? + Stu )/2(f? aes ff)? ; (10) 


UL = [fol + fad] 


La réflexion a lieu pour uw = 0, soit: fy? =f? + ffy, ot fo =fVl1 + (fu/f)] 
La formule (6) s’écrit done. 


La relation (4) peut done s’écrire uw? = 1 — 





fof VIL + (Sulf)] re 


K(f, fo) dj, 


Considérons sur la courbe h’(f) des intervalles de fréquence Af = 0,2 Mc/s (Fig. 
1). Ala fréquence Af correspond la hauteur virtuelle h,’; a 2Af correspond h,’...a 
nAf correspond h,,’. Lorsque la fréquence d’utilisation est f = Af et si dz/df, = 
constante dans l’intervalle: 
_ Sa 


fo ae Oafor = ap /(1 TF Af 


df. (11) 


l’équation (11) s’écrit: 


, a | 
, = 


H'(AP, fo) afo- 


aoe Zo 2 {1 + (fy/Af) 


to. /0 
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Si la fréquence d’utilisation est f = 2Af, (11) s’écrit: 


me Zo fo,1 z fo,2 
=. i (2Af, fo) fo + = a M(2Af, fo) afo 


aS 
, fo. 0 ny ee mo 1 


avec fo2 = ous | ( 1 + az). 


D’une maniére générale on peut done écrire: 


m=n pS fo 


2 — 2 soi 
h,,’ oe ys “m m—1 ; bw (nf, fo) df, 
m=1 fo, an. Ke m—1 “So,m—1 


M ‘(mAf, fo) afo- 


.. ie 
paas, ae — fo, m--1 So, m—1 








12345 




















e900 = for fo2 fos ‘oa 
nN eS ® 
f, Mc/s fy, Mc/s 


Fig. 1. Hauteurs virtuelles. Fig. 2. Hauteurs réelles. 


On peut remarquer que fy ,, — fo,m—-1 > Afet que fom — fo,m—1 tend rapidement 
vers Af, comme on peut le voir sur les figures 1 et 2. Prenons un exemple: 


fa = 1,8 Me/s Af = 0,2 Me/s 
fo = 0,63245 
= 0,93808 fos —fo1 = 0,30563 
> —fo» = 0,26192 
1 —So.3 = 0,24222 


« — Sas = 02811 
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Portons (10) dans l’équation (13): 


l 
WM 


ieee SR 

(Yom | — (fo?/[(mAf)? + m Af fil} +fo7l2(m Af)? + Af fe )/2[(mAf)? + nAf- fy? af 

So ee ee 
“fo,m—1 \ {1 =< {fo?/[(m Af)? a nAf ‘fn}| 


Posons: 


(nAf)? + nAf fx =- 


a, 


6, = -" [mAf > fix + 2(nAf)*] — ay. 


On a alors a résoudre une intégrale de la forme: 


, eee 
| fo on df. 
oy (1 ened anf") 
Le caleul donne: 


l ] b Fo,m 
| ( 4. 1 | are sin fy 4 a,| - 
; So,m-1 


7 * : 9 ; 
i 0.m” J 0,m—1 | \ a n ad n \ a n 
b 


ig for a, x /(1 7 ahe)| 


ay 
“a, ay 


fo,m | 


to 


Revenant a |’ équation (12) qu’on écrit sous forme matricielle, on a: 
ig O O : 


Le calla Moo O 




















M,.s 
soit 

Ayant calculé l’inverse de la matrice (/) tel que (L) = (JZ)-1 on obtient: 

(z) = (L)(h’) 

ot (L) est la matrice cherchée. 
BUDDEN (1954) a calculé les coefficients de cette matrice pour le rayon “‘ordinaire”’ 
et la station de Slough. Nous avons fait le méme calcul pour le cas des trés hautes 
latitudes avec f;, = 1,8 Mc/s et donnons ci-joint (Tableau 1) les coefficients de la 
matrice (1) correspondante, permettant le calcul des hauteurs réelles avec Af = 
0,2 Mc/s jusqu’a f = 6 Mc/s. Rappelons que la hauteur réelle de réflexion de la 
fréquence f = nAf est donnée par 


a ris , p45 ' , 
“n i L,, shy 56 L,, hs “i hse 5 gee 


ou L,, ,, est le coefficient de la ne ligne et de la ne colonne du Tableau 1. 


sn 
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Xtemarquons que les hauteurs réelles z,, z.....2, ainsi obtenues sont bien 
les hauteurs réelles de réflexion des fréquences fy ,, foo, --- + fo,, dont les hauieurs 
virtuelles de réflexion (relevées sur la trace z) sont h,’, h,’....h,,’ correspondantes 
aux fréquences: f, 2 

Donec, contrairement 4 ce qui a lieu pour le rayon ordinaire, les densités élec- 
troniques situées aux altitudes z,, z..... z, doivent étre déterminées, non par la 


relation (QT): 


mais bien par la relation (QL): 
veal xi 
fo =s/ (1 = 


3. EXEMPLE D’ APPLICATION 
A titre d’exemple nous avons calculé le profil d’ionisation correspondant a 
lionogramme du 12 novembre 1957 4 0800 TU de la Station de Terre Adelie (Fig. 3). 
(1) dune part a l’aide de la trace z en utilisant la matrice du Tableau 1. 
(2) d’autre part 4 l'aide de la trace o en utilisant la méthode graphique de J. W. 
Wriacut et R. B. Norton (cf. N. B. 8. Report no. 6031). 





























fi Mc/s 


Fig. 4. Hauteurs réelles de réflexion correspondant a Vionogramme de la Fig. 3, obtenues: 
(1) a partir de la trace o, +; (2) a partir de la trace z, o-—-— 0. 


Les résultats obtenus sont représentés sur la Fig. 4, ot le profil obtenu a partir 
de la trace z est en traits tiretés, celui obtenu par la trace o étant en trait plein. 

On constate que les profils sont sensiblement identiques, la différence la plus 
grande se manifestant entre 3 et 4 Mc/s, ot le profil z accuse mieux |’inflexion 
due a la f,F. 

On remarquera sur | ionogramme de la Fig. 3 la grande netteté de la trace z et 
la diffusion marquée, qui, comme a |’ordinaire caractérise la trace 0, rendant trés 
approximative la lecture des hauteurs virtuelles de cette trace. 
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SOMMAIRE 


Les ionogrammes des stations de trés hautes latitudes, telle que celle de Terre 
Adelie, présentent trés fréquemment la trace de la troisieme composante magnéto- 
ionique, celle du rayon ‘‘ordinaire’’ étant diffuse ou peu apparente. La détermination 
des hauteurs réelles de l’ionisation ne peut donc yétre faite qu’imparfaitement par les 
méthodes actuellement mises au point et qui se référent toutes au rayon “‘ordinaire’’. 

Dans la présente note, une méthode de calcul des hauteurs réelles est proposée a 
partir de la trace z des ionogrammes. Analogue a celle de K. G. BuppEN, elle 
aboutit a une matrice dont les coefficients permettent de trouver la hauteur réelle 
d’une fréquence f a partir des hauteurs virtuelles de n fréquences inférieures, 
également réparties de 0 a f. 
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On the ionospheric heating by hydromagnetic waves connected 
with geomagnetic micropulsations 
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Abstract—The energy dissipation process of the hydromagnetic waves in the ionosphere is studied in 


detail. It is shown that their heat production and the resulting increase of temperature are negligible. 


INTRODUCTION 
CowLtneG (1956) has shown that there may be large dissipation of magnetic energy 
in a partially ionized gas. PrppIN@ToNn (1956) has suggested that the high tem- 
perature in the solar corona is due to the dissipation of hydromagnetic energy. 
The ionosphere is a partially ionized gas, but the physical conditions are quite 
different from those of the sun. It is the object of this paper to show that in the 
F2-region the increase of temperature due to this process is less than 5°C in the 


most favourable conditions. 


FUNDAMENTAL EQUATIONS 
The ionosphere is treated as a ternary mixture composed of electrons, together 
with neutral particles and positive ions, each of one kind only. Subscripts e, » and 
p will indicate reference to these three kinds of particle. 
The equation of motion of the ith gas in a mixture (CHAPMAN and Cow Lina, 
1953, pp. 415, 245) is 
Dw, a . Sere, 
Pi De pF, + New, x H — grad p,; + Z aj; Nj(v; —vj), (1) 
J 


where 


>| 27kT'm = 1/3 


(m, + ™,) 


and 


- velocity; 
particle number density; 
; = Mass; 
particle mass density = \V,m,; 
force per unit mass; 
temperature; 
- particle pressure = kN ,T; 
Boltzmann constant = 1:38 « 10-16; 
- electronic charge = 1-6 x 10-9 e.m.u; 
0 
Ot 


, = effective collision distance between particles 7 and j. 


+ vy; . grad; 
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It should be noticed that «;; (=k7'/N[D,,],) relates to the collision frequency 
y,; in the following way (CHAPMAN, 1956, p. 12), 


ake 2 ¢ yy 1/ 
_PitPinvy 8 . 2QrkT / : 
t4 = WME Plas = 5 PCy” | — P (3) 
PiP; ; m,m,(m,; + m;)I 
Therefore, assuming that p, > p, and p, > p,, 
T nT PiP5 
NN a4, = 
pi + p; 


~p,”,, (for ions), | 


+ 
~ p,v,, (for electrons).| (4) 


;; calculated by CHAPMAN (1956) is given in Table 1, together with the model of 
the ionosphere adopted in this paper. 


V;; 


Table 1. Adopted model of the ionosphere (CHAPMAN, 1956) 





Height T (°K) N,, (em?) N,(em?) v,,(Sec) 


205 « 1014 10° 3°39 « 108 
220 « 10918 104 38 « 105 
280 ‘78 x 1038 10° ‘61 « 10° 
430 -23 « 10! ‘50 « 10° t 104 
580 2- < 19H 2- < 10° 2- < 108 
730 j° < 1010 2: < 10° 8: < 10? 


102 
102 
10 
10 
10 


880 2-23 « 10910 2- < 10° 
1030 9-95 109 2-25 x 10° 
1180 5-12 « 10° 2-50 «x 10° 
1330 2: . 109 2:75 « 10° 
1480 < 109 3-00 « 10° 


SS to ees ae 
aS 


_ 





Suppose that plane waves of frequency f (= @/27) are propagating in the 
direction of a uniform magnetic field parallel to the axis Oz of a Cartesian system, 
so that 0/dx = d/dy = 0, 0/dz 4 0. Suppose also that each vy; (v;,, v;,, 0) is pro- 
portional to exp (tmt). Ignoring the body force F, (e.g. gravity), (1) for neutral 
particles takes the form (DUNGEY, 1958, p. 169) 

pins 


1Wp,Vn ae DEN tal By: ; Vn) i N,N % (V, ae V,): (5) 


,»( 10-8?) is much larger than «,,(10~%°) and v, ~ v, in the F'2-region (MARTYN, 
1953), (5) gives 


As « 


N, 


pnp 


(6) 


Under the conditions of (4), equation (1) for positive ions and electrons is 


Dy, e; orad p; ” 
—- =F, +—v, x H-- es, Vin(Vn — Vi). (7a) 
Dt Mm: Pi 
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The dispersion equation, which results from (1) combined with Maxwell’s equations, 
is given (DuNGEyY, 1958, p. 170) by 
P 
on ww? [1 — (iy,,,/@)] 


(H?/47p,) [1 # (a,,/Q,)] [1 + (@,,/2,)] ° 
where AK denotes the wave number and Q, and Q, denote the gyro-angular fre- 
quency (=elH//m;) of electrons and ions, respectively. The wave number K is 
complex and is expressed by 


(7b) 


c= Kk 


Therefore any varying field A is expressed by 


A exp {i[wt — (K, — iK,)z]} = A exp (—K,) exp [t(@t — K,z)]. (7d) 


INTERACTION BETWEEN IONS AND NEUTRAL ATOMS 
A small harmonic motion of neutral atoms, as seen above, can certainly be 
generated by a harmonic motion of the ions. The result of the interaction between 
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Fig. 1. Dispersion relation (the phase velocity V vs. angular frequency w) of hydromagnetic 
waves in the F'2-, H- and D-regions of the ionosphere. Subscripts o and e refer to ordinary 
and extraordinary waves, respectively; w, and w, denotes the gyro-frequencies of ions and 
electrons, respectively. For various constants used, see Table 1, AKASoFU (1956). 





ions and neutral atoms is well shown by (6). A more general treatment gives the 
main features of the dispersion relation (the phase velocity vs. angular frequency). 
For the ionosphere this is illustrated in Fig. 1 (Akasoru, 1956). The theory of 
propagation of hydromagnetic waves in the ionosphere is an extension of the 
magneto-ionic theory to the case when the ions can easily move in response to 
field changes (DUNGEY, 1958, p. 170). The phase velocity varies markedly with 
frequency, and it is convenient to consider three ranges of frequency. 

The highest frequency range (w > 105/sec), corresponding to ordinary radio 
waves, shows the familiar magneto-ionic behaviour of electrons in the almost 
immobile positive and neutral background. The middle part of the diagram (a 
ranging from 10 to 10°/sec) is relevant to four distinct phenomena: (1) v.l.f. radio 


162 





On the ionospheric heating by hydromagnetic waves 


waves, (2) whistlers, (3) dawn chorus and (4) atmospherics (’sferics). The con- 
tribution of the motion of the ions becomes increasingly important (HtNEs, 1957) 
in this range. 

The part of lowest frequency (w < 10/sec) shows the dispersion curves for 
those hydromagnetic waves which are recognized as geomagnetic micropulsations 
and the other very low frequency phenomena. This range is characterized by the 
dominant contribution of ions and of neutral atoms. The contribution of neutral 
atoms can be seen from the ‘lowering’ of the phase velocity. The physical 
interpretation of this lowering becomes clear from (6), and will be shown by 
using numerical values for the F-region. The velocity of hydromagnetic waves V 
is given by 


y 


; H 
(4p)? 


where p in the denominator is the effective density. 
(a) For the higher frequency range around the gyro-angular frequency 


eH/m,) 2 x 10?/sec, (6) gives 


~~ 15-4 x 10° 


This indicates that the motion of the neutral atoms does not affect the propagation 
of such hydromagnetic waves, and so in (8) p is almost exactly the density of the 


ionized part of gas, p ~ p, + p,. 
(b) For frequency lower than wm = 1075/sec, (6) gives 


V ‘ ‘ 
—~=1+4 42-7 x 10° 
Va 


v, = ¥;- 


This indicates that the motion of the neutral atoms fully contributes to the 
propagation of the waves, and in (8) we must take p = p, + p, + p,. Therefore 
for these lower frequencies the velocity of hydromagnetic waves decreases from 
H|(4z7p,)'” and finally converges to H/[47(p, + p,,)]'”. 

We are particularly interested in hydromagnetic waves connected with geo- 
magnetic micropulsations in the angular frequency range from w = 6-38/sec to 
w = 0:064/sec (or f from 1 c/s to 0-01 ¢/s; period from 1 sec to 100 sec). It is clear 
that in this range the approximate relation 


m 
Vp n ( 1] ) 


~ 10 = 
Van N p*np 


is sufficiently accurate in the /2-region. 


JouLE Heat Loss 


The propagation of hydromagnetic waves in a ternary mixture was first 
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studied by H1nzs (1953). From (7a) he derived the current and the force equations 
for harmonic motion of the particles of the partially ionized gas. His current 
and force equations are 


+ 0,2) 


pi. 
umn ' u 


: N,e8 | 
J Lm, : . ee Ee 2 Ex H A, 


y , Ty 2s 
N jEV in! in V ys £ N . é- -5| Vn x H, 
= + Q,?) 


i 
N iVinYin E : E jC 
_ O2 Te , 12 
(Vin ie i i ) v Mi(Vin 


iav,,' + Q2 7 ein? 
OV + |v | x (13) 


(v,,"2 + Q2) 


i 


where F is exactly the right-hand side of (5) and »,,," = ;,, + to. 

We now consider the rate of production of heat energy when hydromagnetic 
waves pass through the ionosphere. Dr. Hines (1959) indicated to me his formulae 
for a special case, but a more general formulation is presented here. It is seen 
from Table 1 that important parameters of the ionosphere vary by many orders of 
magnitude. In order not to limit the application of the equations throughout the 
ionosphere, we need to develop all the equations in numerical form without any 
initial approximation. 

Substituting (13) into (5) and taking the co-ordinate system such that v,, lies 
in the x-direction, we obtain the algebraic simultaneous equations for #, and £,. 
In general, the electric field E is not perpendicular to v,, so that there are two 
components, #, and £,. Solving the simultaneous equations, we have 


E.,, = (aw? + ibw)v,, 


E,, = (a’w* + 1b’) v,, 


where a, a’, b and b’ are pure numbers calculated from Table 1 for each level of 
the ionosphere. 

Putting (14) and (15) into (12), we have similar equations for the current 
components J, and J,. The Joule heat dissipation per unit volume per unit time 


is defined as half the real part of the scalar product [E - J], where J is the complex 
conjugate of J. This gives the result: 


Q =1HE-3) =19 2, - J, +£,-J,), (16) 


where & signifies real part of [ _ ]. 
Substituting from (12), (14) and (15) into the above equation (16,) Q@ becomes 


0 = (xa4 a i Bo?) “s r 


where « and / are pure numbers. In the frequency range f from 1 to 0-01 ¢/s, 
aw <b, a’w <b' and «ow? < fp, so that we neglect a, a’ and « in the later develop- 
ments. 
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The further relation we need for the determination of Q is one of Maxwell’s 
equations, 


oh 
curl E = — —, 18 
= (18) 
where h is the varying part of the magnetic field intensity. Recalling that a 

varying field is expressed by A exp {i{[wt — (K, — iK,)z]}, (18) gives 
K?+ K,? 
h2 = ( 1 = 2 yy 
@*” 


where K, and K, are already given in (7c), and 


E? = (b2 + b)a? v,2. 
From (19) and (20), we have 


1 
7 h2. 
y. ims + KA) (P+ 3) 


Substituting from (21) into (17), we finally obtain 


po : 
Q= —— —| WP. 
, ims + Ki) a 


THE SPECTRUM OF GEOMAGNETIC MICROPULSATIONS 

In order to calculate from (22) the thermal energy Q produced in the ionosphere, 
we must know the intensity spectrum (intensity vs. angular frequency), and must 
have some information about the frequency of occurrence of micropulsations at 
each level of the ionosphere. 

The spectrum of the geomagnetic micropulsations has been obtained by 
CAMPBELL (1959) at California. His spectrum is reproduced here (Fig. 2). His 
figure relates to the average amplitude for the daylight hours in a middle latitude 
during a moderately magnetically disturbed day. We assume that in the auroral 
zone the intensity will be increased by a factor of 10? during geomagnetic storms 
for the lower frequency end of the spectrum. Fig. 2 shows two distinct maxima; 
there is a transition from audio and sub-audio waves to geomagnetic micro- 
pulsations at frequencies between 0-2 ~ 2-0 c/s. The intensity of geomagnetic 
micropulsations has a maximum at about f = 0-05 ¢/s. 

Hydromagnetic waves may be generated far above the F-layer. Then a 
question arises as to whether there is some difference between the spectrum 
observed at the surface of the earth and that in or above the ionosphere. The 
dispersion equation involves the complex wave number K. DuNGEy (1958, p. 171; 
Table 4) gave K? for various heights for waves w = 0-1/sec. Similar calculations 
have been made for A? and K, (K,, K,), for frequencies f = 1, 0-1 and 0-01 ¢/s 
(See 7b, c). Then the transmission coefficient 7’ at each level of the ionosphere is 


evaluated, 
T = exp (—dK,), 


where d is the thickness of each layer and is taken to be 10 km for a height of 80 
or 90 km and 25 km for 100km and above. The results are shown in Fig. 3. 
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Fig. 2. The natural low frequency electromagnetic spectrum in California obtained by 
CAMPBELL (1959). This figure relates to the average amplitude of the disturbing magnetic 
field during the daylight hours in middle latitudes during a moderately magnetically 
disturbed day. 
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Fig. 3. Transmission coefficient of the ionosphere for frequencies f = 1, 0-1 and 0-01 e/s. 
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Here, 1/K, gives the damping length, in which the amplitude is decreased by the 
factor l/e. Table 2 gives the results of a rough numerical evaluation of the ratio 
exp (—v) of the wave amplitude at the bottom of the ionosphere to that at the 
top: here 


(24) 
and h,, h, are taken to be 80 km and 300 km. 
Table 2. The ratio of the amplitude of hydromagnetic waves at 


the bottom of the ionosphere to that at the top of the iono- 
sphere for several frequencies 





f (e/s) 0-01 0-1 
w (/sec) 0-0628 0-628 
Period (sec) | 100 10 


Ratio 0-323 283x102 8-22x 10-8 





From Fig. 3 and Table 2, we can see that for frequencies less than 10-? ¢/s the 
ionosphere is nearly transparent. But the H-layer is extremely opaque for higher 
frequencies around f = 1 ¢/s. 

Table 3 shows the intensity h(y) at the ground (taken from CAMPBELL’s 
diagram) and at 300 km calculated from the ratio discussed above. For f = 1 ¢/s, 


Table 3. The tentative intensity spectrum of micropulsations at different levels. 





; Amplitude (y) | Amplitude (y) Amplitude (y) 
ry 2 é iA 
* sa ig pein Ground level 300 km 300 km 
yi (middle lat.) (middle lat.) (auroral zone) 


(Inferred) (Adopted) 
1 1 5-0 x 107-3* 6-1 x 10?f 1 
0-1 10 0-2 71 10 
0-01 100 0-1 0-31 31:6 





* PHILLIPS (1960). f See the following paragraph. 


PHILLIPS (1960) reports that in Alaska the maximum amplitude (at ground level) 
is about 0-02 y. Using the ratio calculated above, we obtain h = 2 x 10-* y/ 
8-22 x 10-§ = 2-43 x 103 y as the intensity at 300km. This would imply an 
enormous and improbable oscillation of the magnetic field at 7000 km above the 
ground. It seems more likely that such a sub-audio noise received at the ground 
is generated in the lower part of the H-layer (below the barrier at about 125 km 
in height; see Fig. 3). 

We are particularly interested in the waves generated above the F2-region, 
for example, by the interaction between the outer atmosphere and the solar 
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stream. The waves associated with sudden commencements of geomagnetic 
storms are believed to be of this kind (DEssLER, 1958). Their frequency is about 
f = 0-01 e/s or less. A typical amplitude is from 25 to 50 y. Some inhomogeneity 
in the stream may produce additional wave motions in the outer atmosphere, but 
probably with amplitude and frequency not so much different from the above 
values. Actually, it seems more likely that their amplitude will be less than the 
above value. * 

DessLER (1959) assumed that during magnetic storms the high frequency end 
of the wave spectrum will probably be important because of the formation of 
hydromagnetic shocks. He considered an amplitude of 30 y for waves of 1 ¢/s 
on quiet days, and that this may be increased by a factor of at least 10 on disturbed 
days. But the amplitude of 30 y for 1 c/s cannot be attained even on disturbed 
days. Table 3 gives a tentative model spectrum of the average amplitude of 
geomagnetic micropulsations at the top of the ionosphere in the auroral zone 
during magnetic storms. 

Furthermore, in the magnetograms from the polar regions, one can often see 
two or three different superposed waves, which combine to give a rather regular 
sinusoidal variation rather than an irregular change, except on very disturbed 
days. At present, the only way to check the assumption made in Table 3 is to 
examine the ionospheric data at times of intense geomagnetic activity. This is 
done in the last section of this paper. 


INCREASE OF TEMPERATURE 

The rate of production of thermal energy per unit volume per second is calculated 
from (22) for h = 1 y at 300 km for frequencies f = 1, 0-1 and 0-01 ¢e/s, taking 
into account the decrease of amplitude along the path, for vertical incidence. The 
results are shown in Fig. 4. For later use, some typical values of Q, in the /2-region 
and @ at 90 km are also given in Table 4. It is interesting to note that the rate of 
conversion of electromagnetic energy into heat attains its maximum at about 
190-220 km, for the frequencies considered here. Below 170 km the rate of con- 
version decreases very steeply. 

The only further relation we need to determine the change of temperature, 
which is our main concern, is the equation of thermal conduction. In the steady 
state the increase of the temperature A7’ at height z satisfies the equation 


a AT » 
A = (25) 


dz 


* CHAPMAN and FERRARO (1931) showed in their theory of sudden commencements of magnetic storms 
how solar corpuscular streams produce a sudden change of the magnetic field when streams are stopped 
at several earth’s radii. It is now believed that this sudden change is transmitted towards the earth 
by hydromagnetic propagation into the outer atmosphere, without any change in their basic idea. They 
also showed how rapidly this happens. The rise time is shown to be about 100 see which agrees with the 
observations. A discontinuous change, such as sudden commencements, may be expressed by the Fourier 


series shown below. 


f(t) 4 sin ¢ sin 3t sin 5t 
: i a | 3 5 ees 10 


7 


This would imply that the amplitude of 1 c/s wave is of order 507/100 = 0-5y, assuming the amplitude of 
the first term of order 50y and the period of 100 sec. 
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where 4 denotes the thermal conductivity of the air and Q(z) the rate of heat 


production per unit volume per second, as above calculated. 
Because of the complexity of Q(z), it is very difficult to infer the exact tempera- 


ture distribution in the ionosphere. From Fig. 4 it seems reasonable to infer that 
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Fig. 4. Thermal energy production rate in the ionosphere (ergs/em? sec), for frequencies 
f =1, 0-1 and 0-01 ¢/s, for waves of amplitude h = 1 y at 300 km (vertical incidence). 


Table 4. The adopted amplitude at 300 km above the auroral zone, 
Q@, and AT in the F?2-region and Q at 90 km 





Frequency | Period | h QQ AP Q 

(c/s) (sec) | (y) (ergs/em? sec) (°K) (ergs/cem sec) 
F'2-Region 90 km 

1 10—1° 0-21 (220 km) 2-08 «x 107-22 

0-1 < 19—10 0-83 (200 km) 1-81 x 10714 

0-01 : ci 1-18 (190 km) 2:10 x 10-8 





below the level of maximum heat production, @ decreases rapidly downwards. 
Let it be taken to be approximately Q, exp (—az), measuring z positive downward; 


a can be calculated from Table 4. 
Hence assuming d AT'/dz = 0 at z = 0, where the maximum production occurs, 


the integral of (25) has the form 
dAT QQ 


dz Aa 


[exp (—az) — 1]. (26) 
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Further integration gives 


l 
AT(z) — AT(0) = e 


[1 — exp (—az)] — 2, (27) 


where A7(z) and A7T(0) denote the increase of temperature at z and 2 = 0, re- 
spectively. I use the thermal conductivity / given by BaTEs (1951, p. 815), namely 
2-4 x 103 for 7 = 500°K. 

For the frequency f = 0-01 c/s at 190 km, we may take Q) = 2:3 x 10-% h? 
ergs/em’ sec (if A is expressed in y). Taking h = 31-6 y, Q) = 2-3 x 107° 
ergs/em’ sec at 190 km; as Q = 2-10 10-!8 ergs/em? sec at 90 km (see Table 4), 
a is found to be 7 < 10-7/em. 

Therefore (27) becomes 
l 
10-7 


[1 —exp(—7 x 10-*z)] — ?. (28) 


AT(z) — AP(0) = 1-37 x 10") 


The heating effect at 90 km is much less than at 190 km, so that, taking z = 100 km 


10° em, 

AT(0) =~ 1-18°C. (29) 
A similar calculation for f = 0-1 and 1 c/s gives A7T(0) ~ 0-83°C at 200 km and 
AT(0) ~ 0-21°C at 220 km, respectively. 

In general, two or three particular frequencies superposed on higher frequency 
components are seen on the magnetograms in the auroral zone. Therefore, smooth- 
ing out the high-frequency waves, of which the heating effect is negligible (see 
Table 4), we can find these particular waves. However, as the contribution of 
each wave is at most 1-2°C, according to the above Table 4, the total contribution 
could not exceed 5°C. 


[ONOSPHERIC DISTURBANCE ON 11 FEBRUARY 1958 

The magnetic storm on 11 February 1958 was accompanied by fluctuations of 
the magnetic field of a violence exceeding anything observed in the last decade. 
Therefore it is of great interest to examine whether there was any appreciable 
heating of the upper atmosphere by hydromagnetic waves, as proposed by DESSLER 
(1959). The magnetograms from College (gm. lat. 64°.7 N; insensitive recorder) 
and from Guam (gm. lat, 3°.9 N; sensitive recorder) are shown in Fig. 5 (a,b). 
Fig. 5(c) shows the ionospheric data (the electron density of the F2-layer) from 
Adak, Alaska (gm. lat. 47°.3 N). 

Intense and rapid magnetic fluctuations, of order 100 y, had begun simul- 
taneously with the sudden commencement at 0126 GMT on 11 February 1958. 
They were active at least until 0600 GMT. The very abrupt ionospheric storm 
began at 0215 GMT at Adak, and /, 2 reached its miminum at 0330. The iono- 
spheric storm quickly subsided at about 0515, while intense fluctuations of the 
magnetic field were still continuing. Fig. 6 shows the daily variation of the electron 
density of the #2-layer at Adak on the same day. Except for the above mentioned 
remarkable ‘bite’? out of the normal curve, the ionosphere was rather normal. 
The same phenomenon was observed at several other places, including Delhi, 
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Singapore, Okinawa, Yamagawa, Kokubunji, Akita, Wakkanai, Maui (Hawaii) 
and Stanford. 

The first difficulty in trying to explain such a phenomenon by hydromagnetic 
heating is its abrupt beginning. Furthermore, it is altogether impossible to expect 
such a quick recovery if the upper atmosphere expanded upward as a whole and 
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Fig. 5a. Magnetogram (Insensitive recorder), College, Alaska (gm. lat. 64°.7 N), 0000-0600 
GMT, 11 February 1958. 
b. Magnetogram (Sensitive recorder), Guam (gm. lat. 3°.9.N), 0000-0600 GMT, 
11 February 1958. 
c. Change of electron density of the F2-layer, Adak, Alaska (gm. lat. 47°.3 N), 
0000-0600 GMT, 11 February 1958. 


heating was still effective (as indicated by the magnetic fluctuations). Such a 
change of the density distribution by expansion of the upper atmosphere would 
produce quite a different ion production rate and electron density distribution, 
although the F2-layer may not be an independent ionized layer. 

It is interesting to note that at about the commencement of the ionospheric 
storm, the College magnetogram showed a large polar magnetic disturbance, of 
order 1000 y or more (See Fig. 5a). It will be shown elsewhere (Akasorvu, 1960) 
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that such a negative polar disturbance is produced by a southward electric field 
of order 4 x 104e.m.u. (40 V/km). Such an electric field will produce a vertical 
upward drift motion of ions and electrons of order 15 m/sec at 210 km at Adak. 
It may be that only the ions and electrons moved upwards by electric drift, while 
the neutral background air was little affected; then a new F2-layer was formed by 
solar ultraviolet radiation, after the strong drift ceased. 





20 x Io 
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10 4 6 (8 2 24 
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Fig. 6. Daily variation of electron density of the F'2-layer, Adak, Alaska (gm. lat. 47°.3 N), 
on 10 February 1958 (180° Mean Time). 


CONCLUSION 
DeEssSLER (1959), in a recent paper, discussed ionospheric heating by hydro- 
magnetic waves. He concluded that the increase of h’ F2 at the time of ionospheric 
disturbances in the auroral zone may be explained by hydromagnetic heating. It 
is shown in this paper that the increase of temperature is at most 5°C in the F2- 
region. It seems unlikely that such a small increase of temperature can produce 
violent upward movement of the upper atmosphere. 
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The scattering of 86 Mc/s radio waves by weak auroral ionization 


J. S. GREENHOw, E. L. Neurevp and C. D. Watkins 
Jodrell Bank Experimental Station, University of Manchester 


(Received 12 January 1960) 


Abstract—Some observations of weak back-scatter echoes similar in type to the echoes associated with 
visual aurorae are described. With an equipment of high sensitivity at a frequency of 36 Mc/s, these echoes 
are present to the north of Jodrell Bank, (lat 53°N, geographic; lat 56°N, geomagnetic), for up to 30 per 
cent of the observing time. The irregularities in ionization, which are aligned along the earth’s magnetic 
field. have a length scale of 160 m and a scattering polar diagram with a width of approximately +3°. 
The horizontal dimensions of the ionized regions are about 500 km along parallels of geomagnetic latitude, 
and 50 km at right angles to this direction. Echoes from horizontal layers of ionization, associated with 
the field aligned irregularities, are also observed. 


1. INTRODUCTION 


%apIo echoes from the ionization associated with auroral activity have been 
observed over the frequency range from a few megacycles per second up to several 
hundred megacycles per second. Many different types of echoes have been observed 
(CoLiins and ForsytH, 1959), one of the most important being direct back-scatter 
reflections from ionization aligned along the earth’s magnetic field. The scattering 
polar diagram of these irregularities is of particular interest as it determines the 
angles y between the direction of propagation of the radio wave and the normal to 
the earth’s field lines, at which echoes can be observed (ASPINALL and HAWKINS, 
1950; CHAPMAN, 1953; BooKeErR et al., 1955). 

At quite low geomagnetic latitudes echoes similar to those associated with 
visual aurora are of frequent occurrence at frequencies of from 6 to 17 Me/s, with 
equipments of moderate sensitivity (LEADABRAND, 1955). This paper describes 
some high-sensitivity observations at a geomagnetic latitude of 56°, where auroral- 
type echoes appear to be of almost daily occurrence at a frequency of 36 Mc/s. An 
attempt is made to determine the degree of specularity of the radio reflections with 
respect to the earth’s magnetic field lines. 


2. TECHNIQUE 

During the periods 21 March to 14 April, and 17 October to 30 October 1958, 
while the 250 ft radio telescope at Jodrell Bank was in use for radar observations 
of the Russian earth satellites, the intervals between transits were used to observe 
ionospheric back-scatter echoes. These observations were made at a frequency of 
36 Mc/s with a pulse repetition frequency of from 18 to 150 per sec, and pulse 
length from 20 to 300 usec. The peak transmitter power was 100 kW, but there 
was a large feeder loss of 10 dB on transmission. The half-power beamwidth of the 
aerial was +33° in elevation and +5° in azimuth. This is very narrow compared 
with the usual beamwidths employed at low frequencies, and as the aerial was 
fully steerable these directional properties enabled a study to be made of the nature 
of the reflecting regions. The equipment sensitivity was such that an object with 
a back-scattering area of 0-3 m?, could be detected at a range of 300 km. The echoes 
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were recorded in one of two ways. The first method used a continuously moving 
film, with an intensity modulated range—time display, while the second method 
was to photograph a range-amplitude display at } min intervals. The range time 
base was of variable length from 300 to 3000 km. During the periods of observation 
the telescope was used to perform azimuth scans at fixed elevations between 10° 
and 20°, or elevation scans between 0° and 30°, at fixed azimuths. 


Magnetic 
North 


Jodrell Bank 
fe) 500 1000 





km 


Fig. 1. Locus of points of constant p for a height of 115 km, as a function of range and 
azimuth from Jodrell Bank. Parallels of geomagnetic latitude are shown. The shaded and 
hatched areas are two examples of the extent of the regions from which echoes are obtained. 


LESULTS 


3.1. Echoes from field-aligned irregularities 

3.1.1. Locus of points of constant y. From a knowledge of the earth’s local field 
it is possible to determine the angle y between the normal to the field, and the line 
of sight, for any particular azimuth, elevation or range. Maps can be constructed 
for different levels in the upper atmosphere, for a given observing station, showing 
the variation of y with range and azimuth. The height of a reflecting region can be 
determined to within +10 km by scanning in elevation, and the mean height for 
these 36 Mc/s echoes, is found to be 115 km. The actual spread in height is less 
than the error of a single measurement. The curves of constant y for Jodrell Bank 
for a height of 115 km are shown in Fig. 1, down to the horizon at a range of 1200 
km. It can be seen that the y = 0° locus is readily observable, and that appreciable 


areas of the northern sky are enclosed by the curves for angles up to a few degrees. 
These curves will now be used to investigate the distribution of echoing regions 
with respect to the earth’s magnetic field. 

3.1.2. The distribution of echoing centres as a function of y. From the range and 
azimuth of any particular auroral echo, the position of the reflecting region in Fig. | 
can be determined. This gives the angle by which the reflection is non-specular 
with respect to the field lines. The distribution of these angles for all echoes should 
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clearly be related to the scattering polar diagram of the irregularities, the most 
probable angle being 0°. The observed distribution of individual echoes as a 
function of y is given in Fig. 2(a). The scanning speed of the telescope was such 
that it moved through a complete beamwidth in } min, and measurements were 
therefore made at these intervals. It can be seen that the largest number of echoes 
are observed near the specular locus, the number falling rapidly for values of y of 
a few degrees. It is, however, necessary to correct this observed distribution for 
variations in range R, aerial gain G, the different areas of sky enclosed by the 








(a) (b) 


Number of echoes (A) 
Echo amplitude (B,C) 


Number of echoes 
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Fig. 2(a). The distribution of weak auroral-type echoes as a function of the angle between 
the line of sight and the normal to the earth’s field lines (y). Histogram, observed dis- 
tribution; ——- —-— corrected distribution. 
Fig. 2(b). Comparison of the distribution of Fig. 2(a) (curve A) with the scattering polar 
diagrams of irregularities with a gaussian correlation function of correlation length 27L - 
160 m (curve B), and a rectangular aperture of length a 60 m (curve C). — observed 
(corrected) distribution (exp —(w/y.) where wy) = 3°);-—-—-— exp —(yp/wo)?, where 
Yo 3°; —-—: sin n (p/po)/n(y/yo), Where wy = 4°. 


various loci in Fig. 1, the different times 7’ spent by the aerial beam in each of 
these regions and the variation in frequency of occurrence with latitude (p(d)). 
This has been done by weighting each small area of sky in Fig. 1 by a factor 
R?/GTp(¢), and summing the weighted areas between each curve of constant y. 
This expression assumes that echo amplitude is proportional to G/R?, and as the 
sensitivity of the equipment varies over the observing region, it is necessary to 
assume some form of distribution for the variation of the number n, of auroral 
echoes with amplitude A. Provided the range of sensitivities is kept low the exact 
form of the assumed distribution is not very critical. A power-law distribution of 
the form n,dA a A~?dA has been used, and the variation of G/R? limited to a factor 
of 8. The frequency of occurrence of visual aurorae varies rapidly with latitude. 
To minimize this effect observations have been limited to a 4° band in latitude. 
Even so the results of VESTINE (1944), show that over this small region the fre- 
quency of occurrence varies by a factor of 2 or 3 to 1. A linear variation in p(d) with 
latitude, by a factor of 2-5 over the observing region, has therefore been assumed 
for the radio-echo data. 

The corrected distribution of echoes as a function of y is shown in Fig. 2(b). 
The points fit quite closely to an exponential curve of the form exp —(yp/y,) where 
Wo = 3°, and this is shown for comparison. There is a 60 per cent probability that 
echoes will be obtained within 3° of the specular locus, although there is still a 
significant probability of observing echoes up to 10° off specular. 
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3.1.3. The scattering polar diagram and length of the ionized irregularities. 
BookER (1956) has considered the case of scattering from inhomogeneities in 
electron density, elongated along the earth’s magnetic field, for the case when the 
observing frequency is greater than the plasma frequency. Assuming a gaussian 
correlation curve for the variation of electron density, with correlation distances 
of 7 and Z perpendicular and parallel to the earth’s field, he shows that the back 
scattering coefficient o is given by 


[ “St? 7 
oo TL exp (——",-} exp (—-" (1) 


A is the radio wavelength. The variation of echo amplitude with y is therefore 
given by 


oe ey fr 2 
A ox exp ~ a Lu ox exp —(*) ‘ 
ad Yo 


The amplitude falls to 1/e in a length scale 27L = 4/p). This scattering polar 
diagram is shown for comparison with the observed probability distribution in 
Fig. 2(b) for y) = 3°. Although the scattering polar diagram of the irregularities 
need not be identical with the probability distribution, the two curves should be 
of similar shape for any reasonable amplitude distribution. There appears to be an 
appreciably higher probability of obtaining an echo from large non-specular angles 
than would be expected from the gaussian form of equation (2), although the most 
probable length scale of the irregularities is of the order of that corresponding to 
Yo = 3°. For 4 = 83m this gives 27L = 160m. The long tail of the observed 
distribution in Fig. 2 could be due to the presence ofa small percentage of 
irregularities with length scales less than the most probable value of 160m. If 
10 per cent of the irregularities were shorter than approximately 50 m, for example, 
these would adequately account for the observations. A second possibility is that 
the irregularities are much more sharply defined than given by equation (2). The 
diffraction pattern for a uniform rectangular aperture of length 60 m is also shown 
in Fig. 2(b). Smoothing of the pattern would result for quite a small range in sizes, 
and the secondary maxima which extend a considerable way beyond the first 
minimum would easily account for the observed distribution. Such a well-defined 
ionized column is unlikely to exist, however, unless the ionization exceeds the 
critical electron density. The question as to whether radar echoes from aurorae 
arise from underdense or overdense ionization is as yet unresolved. 

3.1.4. The horizontal extent and time variation of the ionized regions. At a given 
time echoes from a given patch of ionization, presumably composed of a large 
number of field-aligned irregularities, may be traced over a fairly wide range of 
azimuths. The spread in elevation at a given azimuth, on the other hand, is 
usually smaller than a beamwidth. Because of the good range discrimination, and 
the directional properties of the aerial, it has been possible to plot the shape of the 
reflecting regions in the horizontal plane. two examples are shown in Fig. 1. It 
can be seen that echoes are received from arcs up to approximately 500 km in 
length and 50 km in width. The ares lie very nearly along parallels of geomagnetic 
latitude. Frequently two or more arcs are present simultaneously, separated by 
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about 100 km, in the north-south direction. It is possible of course that arcs may 
be even longer than 500 km, and that echoes have disappeared near the ends 
because of the increasing values of y. This is unlikely, as arcs are observed which 
lie entirely within the +2° loci (Fig. 1), whereas from the echo amplitudes and the 
observed probability distribution it is known that echoes would be observed at 
greater values of yp if the irregularities were present. The duration of an individual 
are is of the order of half an hour. 
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Fig. 3. Diurnal variation in the frequency of occurrence of the 
weak auroral back-scatter echoes. 


The diurnal variation in frequency of occurrence of the echoes is shown in Fig. 3, 
where the fraction of the total observing time during which echoes were observed 
is given. In this analysis ‘observing time’ refers only to those periods during 
which the aerial beam was directed so as to satisfy the condition of near specularity 
with respect to the earth’s field. Intervals when y was greater than 3° are not 
included. Echoes were observed for about 30 per cent of the possible time near 


2300 hours, falling to practically 0 per cent after 0900 hours. Insufficient observa- 
tions were made before 1900 hours to determine fully the corresponding fall off in 


the evening. 


3.2. Layer-type reflections 

Frequently echoes from the field-aligned irregularities are accompanied by a 
second series of echoes at almost exactly twice the range. These echoes can be 
interpreted as back scatter from the ground by double reflection from an ionized 
layer, closely associated with the field-aligned ionization. Back-scatter echoes of 
this type have been observed at 6 Mc/s (LEADABRAND, 1955), and such an ionized 
layer probably accounts for some of the forward-scatter echoes observed by other 
workers (CoLLINS and ForsytuH, 1959). 

In order to occur at double the range of the specular echoes the ionized layer 
must not only be at about the same height (to within +20 km), but also occur in 
the same region of sky as the field-aligned irregularities. During vertical scans the 
range of the ground-scatter echoes does not vary appreciably, showing the horizontal 
extent of the ionized layers is not great. Considerations of beamwidth and range 
spread show that the horizontal dimensions of the patches of ionization are only of 
the order of 50 km. The electron densities involved probably exceed the critical 
electron density at the equivalent vertical frequency (10 to 15 Me/s), as reflection 
at the layer takes place twice and a high-reflection coefficient is required to give a 


detectable echo. 
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Ground-return echoes of this type occur at some time on about 10 per cent of 
the occasions when the direct back-scatter echoes are observed. Long-range echoes 
which could be of this type are also observed in the absence of specular echoes, 
when the aerial beam is pointing in directions making appreciable angles with the 
normal to the earth’s field. 


3.3. Magnetic and visual auroral activity during the occurrence of echoes 


The magnetic K- indices recorded at Eskdalemuir, Scotland, have been examined 
for the period of the observations. This magnetic observatory is located close to 
the region of the echoes. During the occurrence of echoes AK had all values from 
1 to 6. It is of particular interest that some echoes were obtained even during 
magnetically-quiet conditions when AK had values of only | or 2. Furthermore 
these echoes displayed the same aspect-sensitive properties as those detected 
during the moderately-disturbed conditions of K = 6. 

Visual aurorae were usually reported by observers in the north of the British 
Isles on the occasions when strong echoes were detected. In general however the 
visual forms (mainly rays and rayed ares) were more than 6° of latitude north of 
Jodrell Bank and thus also north of the location of the echoes. As a rule, during 
weak echoes no visual forms were situated over the British Isles and any activity 
was restricted to nearer the auroral zone. 

Thus it seems that high-sensitivity radio-echo techniques, using comparatively 
low frequencies, are capable of detecting weak ionization which is below the 
threshold of observation as a visual auroral display or as a magnetic disturbance. 
Such techniques should prove useful for studying the ionosphere during the 


sunspot minimum. 


4. DiscussION 


A length scale of 160 m has been deduced for the field-aligned irregularities 
giving rise to weak auroral type radio echoes at a frequency of 36 Mc/s, correspond- 
ing to off specular scattering angles of 3°. Observations at Jodrell Bank during 
intense aurorae show that at 72 Mc/s the reflections are specular to within about 
1° (WatkKtns, 1960). This approximate wavelength proportionality suggests that 
the irregularities at H-region heights are of the same length during weak or intense 
activity. The length scale is considerably greater than the figure of 20 m deduced 
from observations at frequencies of from 216 to 780 Me/s at College, Alaska, 
(PRESNELL ef al., 1959), where echoes are observed up to 12° off specular. A 3° 
scattering polar diagram at 36 Mc/s corresponds to an angle of only 0-15° at 700 
Mc/s. However, at College it is not possible to observe any region of sky, at F- 
region heights, where the line of sight is at right angles to the earth’s field. The 
smallest value of y is 1-6°, and echoes from irregularities with a scattering angle of 
0-15° would not be observed. It is possible that these high-latitude observations 
refer only to the long tail of the distribution in Fig. 2 which shows that there is a 
finite probability of obtaining echoes at quite large values of y. In a region of 100 
per cent occurrence of strong aurorae, it is not surprising that some echoes are fairly 
often observed at large non-specular angles, even at very high frequencies. In 
order to determine the scattering polar diagram at any particular frequency, it is 
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therefore important to record at a site where the y = 0° locus is readily observable, 
and where there is not a 100 per cent occurrence of aurorae. 

A length scale of the order of 40 m at 100 Me/s has been determined from 
observations at Cornell (BookeEr, 1956), and echoes have been observed more than 
5° non-specular at a frequency of 55 Mc/s in New Zealand (Unwin, 1958). These 
observations were made with rather wide-beam aerials, and have not been weighted 
to allow for the varying probability of detecting an echo at all values of y. They 
indicate length scales approximately one-quarter of the value deduced from the 
36 Mc/s observations at Jodrell Bank, and would also be incompatible with the 
72 Mc/s observations at this site. 
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Abstract—For any location the monthly mean F?2-layer critical frequency, fF'2, can be expressed as a 
family of linear functions of an ionospheric index of solar activity. The intercepts of these functions 
have been determined for sixty-five locations at noon and form a reliable tool for investigating the 
geographical distribution of ff2 at minimum solar activity. It has been found that the equatorial 
trough in fF2 cannot be conclusively proved to exist in the western hemisphere at certain times of the 
year. 
1. INTRODUCTION 

THE existence of the “equatorial trough” in the ionization at the peak of the 
F2-layer at noon was reported by APPLETON (1946) and by MaAepa et al. (1946) 
and has since been discussed by many others. In studies relating to the subject, 
the basic observational data have consisted of monthly mean values of the 
critical frequencies, ff'2, measured at ionospheric observatories in various parts 
of the world. Owing to the small amounts of data available, it has been possible 
to reach definite conclusions on the distribution of fF2 only after grouping the 
data in various ways. It is common, for example, to combine data covering 
several years, during which solar activity may have changed, so that measurements 
from two or more observatories may be considered together. Similarly the change 
of fF2 with latitude is usually derived by superposing data from locations at all 
longitudes which lie within one of the “‘standard”’ magnetic zones. 

The combination of the data in ways such as these has made it difficult to 
appreciate the exact nature of the geographical distribution of fF'2 and how this 
varies with season and solar activity. 


2. A New Metuop For Stupyine fF2 


Recent investigations into the use of ionospheric indices of solar activity have 
produced a method of combining all the available basic sets of experimental data 
relating to F2-layer critical frequencies in such a way as to give derived sets of 
condensed data which are more reliable and more useful, for some purposes, than 
the basic data. It has been found that for a given observatory, month and local 
time, the monthly mean values of fF¥2 can be expressed as a linear function of the 
ionospheric index I ps: 


fF2 =a + bl po. (1) 


Thus both the seasonal and solar cycle changes in fF2 at noon, for example, at 
any location can be expressed very concisely in terms of the twelve pairs of 
monthly values of a and 0. 

These constants have been evaluated for sixty-five locations for which at least 
5 years data are available covering both high and low solar activity. Since the 
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correlation between fF2 and I,. is high, considerable confidence can be placed in 
the reliability of the statistically determined values of these constants. 

The geographical distribution of the constant a is obviously identical with that 
of fF2 at minimum solar activity, when J,;, = 0. By inserting the appropriate 
value of J, in equation (1), the distribution for any other level of activity can 
easily be obtained. 

3. THE CONSTRUCTION OF THE CONTOURS 

The local noon values of a have been plotted on maps for each month of the 
year and contours have been drawn which represent the smooth surface charac- 
teristic of each month. In general, there are not enough points to allow these 
surfaces to be determined unambiguously and hence, before drawing the contours, 
it is necessary to introduce additional assumptions concerning the form of the 
surfaces. ‘wo such assumptions have so far been adopted: 

Assumption 1. The contours drawn should represent the simplest possible 
surface consistent with the experimental data. 

Assumption II. The equatorial trough and the two associated ridges which are 
found in the eastern hemisphere are also present at all other longitudes and they 
run almost parallel to the lines of constant geomagnetic dip. 

Assumption I leads to the inference that the equatorial trough exists at all 
seasons in the eastern hemisphere. In the western hemisphere, however, the 
simplest configuration of the contours, during May, June and July at least, is a 
single ridge with no equatorial trough, although during the remainder of the 
year the trough and two ridges continue across this hemisphere. Assumption I 
appears to be the one on which the contours used for making ionospheric forecasts 
are based. Fig. 1 shows the change with latitude of the intercept a along the 
90°E and 90°W meridians and illustrates the apparent seasonal transition from 
a single to a double ridge at 90°W. 

Starting from assumption IT, the locations of the two ridges in relation to the 
magnetic dip lines are determined fairly closely by the data in the eastern hemi- 
sphere. The continuation of these ridges across the Pacific Ocean, keeping them 
parallel to the dip lines, does not lead to any conflict with the experimental data 
in this area. The curves for the 90°E and 90°W meridians, resulting from 
assumption II are shown in Fig. 2 which is directly comparable with Fig. 1. 


4, Discussion OF RESULTS 

It seems unlikely that the physical processes responsible for the distribution 
of electron density in the eastern and western hemispheres can be so different as 
to result in the marked differences in the two sets of curves shown in Fig. 1. 
On physical grounds, therefore, assumption II seems to be preferable; the coinci- 
dence that from May to July the peaks of the ridges pass between the few obser- 
vatories in the Pacific is not an improbable one. 

An investigation is in progress, the aim of which is to find an empiricalexpression, 
involving such parameters as latitude and the horizontal and vertical components 
of the earth’s field, which is capable of representing all the observed values of the 
constant a for a given month. If this aim is achieved, it will be possible to use this 
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noon for [72 = 0; assumption I. noon for I F2 0; assumption II. 


expression to interpolate the most probable configuration of the contours in areas 
where this cannot be done satisfactorily given only the data which are at present 
available. 
5. CONCLUSION 

On the simplest interpretation of the experimental data, the equatorial trough 
which is found to be characteristic of /':2-layer ionization in the eastern hemisphere 
is not present during May, June and July in the western hemisphere. It is shown, 
however, that the available data in the western hemisphere are not sufficient to 
preclude the existence of the trough and two ridges which can be continued from 
the western to the eastern hemisphere without conflicting with these data. 
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Abstract—As a preliminary to the British series of rocket-grenade experiments for determining upper 
atmosphere temperatures and winds, a number of tenth-scale tests using anti-aircraft shells to simulate 
grenades were carried out at Shoeburyness in 1956. The objects of these trials were to test the wide- 
spread array of ground equipment under field conditions, and to check the method of data reduction by 
comparing the computed temperature and wind results with radio-sonde balloon data. The analysis of 
sounding data from two night-time trials gave wind speeds which differed in most cases from the balloon 
values by less than 5 ft/sec. Differences of the order of 10°C in the temperature structures may be 
reduced by the subsequent inclusion in the method of analysis of second-order acoustic refraction 
effects. 
INTRODUCTION 

THE study of wind and temperature at altitudes of 30-60 km by observing sound 
waves reflected from these heights has been carried out spasmodically since about 
1926. With the advent of upper atmospheric sounding rockets, however, it became 
possible to operate to greater heights independently of reflection, by exploding 
grenades in the upper atmosphere. In the United States, the Army Signal Corps 
carried out experiments of this kind at White Sands, New Mexico (Stroup et al., 
1956) and demonstrated the usefulness of the method to heights of about 80 km. 
During the International Geophysical Year this work has been continued at Fort 
Churchill, Canada. 

At the start of the British Upper Atmosphere research programme in 1954, it 
was decided to use the velocity of sound method with Skylark rockets, and one of 
us made a study of the theoretical basis of the method (GRovEs, 1956). As a result 
of this, it appeared that accuracy could be considerably improved by using a 
widespread array of microphones and that vertical winds might also be detectable. 
The price paid for this improved accuracy is the greater complexity and difficulty 
of operating a widespread array of listening posts and a greatly expanded, though 
more rigorous process of data reduction. In view of the magnitude of these two 
parts of the problem it was decided to mount a tenth-scale trial at the ordnance 
range at Shoeburyness, where the results could be checked against radio-sonde 
balloon data, and to use the new data to test the programme devised for the Pegasus 
electronic computer at the Admiralty Research Laboratory. 

This paper gives an account of the experiments carried out at Shoeburyness, 
and compares the results obtained with the radio-sonde figures. 


THe British GRENADE EXPERIMENT 
The experiment requires ejection from a rocket of a series of grenades filled 


with a photoflash mixture giving a high light output, in addition to a pressure 
disturbance which is propagated through the atmosphere. The time of arrival at 
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the ground of this disturbance is recorded at a number of microphones. The instant 
of the flash is determined by means of a photoelectric device whilst the burst is 
photographed by three widely-separated ballistic cameras, and its position in space 
obtained very accurately by triangulation. The data obtained is in the form of 
position co-ordinates for the grenade bursts and the microphones, and of 
travel times of the sound waves between these points. From the measurements 
corresponding to any particular grenade, the mean values of the three components 
of the wind velocity and the mean velocity of sound between ground level and the 
height of the burst may be found. The actual values of the wind-velocity com- 
ponents and the speed of sound between successive bursts may be found by a pro- 
cess of differencing. The temperature is found from the velocity of sound in terms 
of the mean molecular weight for air, and pressure is obtained from the hydro- 
static equation. 

Since for each grenade burst there are four unknown quantities, three wind 
velocities and the temperature, it is theoretically only necessary to use an array of 
four microphones. However, it is desirable to have a redundancy of microphones 
so that a least-squares fit may be made to the results and errors examined. 


THE SHOEBURYNESS TENTH-SCALE EXPERIMENTS 


During this work the rocket borne grenades were simulated by anti-aircraft 
shells containing 6 oz pellets of a photoflash mixture and fired to altitudes between 
10,000 and 34,000 ft. Standard army sound-ranging equipment was employed, 
in which the outputs from seven hot-wire microphones were amplified and displayed 
on a seven-pen moving-paper recorder. Three ballistic cameras were employed 


together with a flash detector. The former were specially developed for the grenade 
experiment and will be described in another paper. The layout of the ground 
equipment used in the Shoeburyness experiment is shown in Fig. 1. Meteorological 
information in the form of wind speeds and directions, temperatures, pressure 
and humidity was supplied for altitudes up to 34,000 ft from radio-sonde balloon 
data for the period of each trial. Survey data for the position co-ordinates of the 
microphones and cameras were supplied by the range authorities. 


Night-time experiments 

The initial trials were conducted at night which has the advantage that flash 
detection is simple and camera shutters may be left open for many minutes. A 
blue sensitive photomultiplier tube (EMI type 6097) with a 10° field of view was 
used to detect the flashes. The camera shutters were left open throughout a salvo 
without undue plate fogging. The output from the flash detector was fed to all 
seven recorder pens in order that there would be no ambiguity in identification of 
the flash pulse and that timing errors due to variation in length of the pen arms 
could be eliminated. Timing for all but the first few trials was effected by means of 
an accurately-calibrated clock which fed half second pulses to an additional pen. 
Fig. 2 shows for each microphone the pressure disturbance from a shell bursting at 
34,000 ft altitude superimposed on the wind-noise background. 

The ballistic cameras used were the prototype version of a series of cameras 
developed for the grenade experiment, and the Shoeburyness trails provided a 
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means of testing this type under field conditions. The design requirements for 
the cameras were that the space co-ordinates of the grenade bursts, obtained from 
the plate images, should be accurate to within 5 m at 100 km altitude. A Schneider 
‘“Xenar”’ F.4.7 bloomed anastigmat fitted with a Compur Rapid shutter of speed 
range 1/400 sec to 1 sec was chosen as being adequate for this purpose. The camera 
body was supported in a rigid framework and capable of full azimuth rotation and 
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Fig. 1. Layout of the ground equipment used in the Shoeburyness experiments. 


of being elevated through 90°. The position of the 12 cm x 9 cm plate was fixed 
accurately with respect to the lens by three steel-tipped Invar rods, chosen for 
their extremely low expansion coefficient. These rods were retracted when a 
camera plate was inserted or removed. In use, the camera was mounted and 
levelled on a triangular steel frame which was securely pegged into ground. 


Day-time experiments 

The photography and flash detection of the grenade bursts in the presence of 
the sky background illumination necessitated certain modifications on the optical 
side. The photomultiplier was unsuited for operation in these circumstances 
because of overloading and an alternative system was developed. This employed 
an infra-red photocell placed in the focal plane of an 8 in. focal length f2-9 lens. 
The voltage developed across the photocell load was amplified and fed to the grid 
of a thyratron, which was adjusted to cut off when only sky noise was present in 
the system. 
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Fig. 3. Ballistic-camera record of three shell flashes at 10,000 ft altitude photographed 
against the day sky. 





Low-altitude testing of the rocket-grenade experiment for upper atmosphere temperatures and winds 


The night-time mode of camera operation in which the shutters were left open 
during the firing sequence would have resulted, in day-time, in severe plate fogging. 
In consequence a control unit was provided for each camera which would, on 
command, open the shutter for the correct exposure and then re-set it in readiness 
for the next operation. The signal developed by the thyratron in the flash detector 
was transmitted over about 14 miles of field cable to operate the cameras. These 
cables were in fact the lines to the recorder from nearby microphones, the signa] 
to the camera being fed from a condenser bridge in parallel with the microphone 
element. 

The overall delay in the system from the instant of burst to shutter fully 
opening was of the order of 10 msecs. Flashes from three shell-bursts at 10,000 ft 
photographed in this way are shown in Fig. 3. The output from the flash detector 
was fed via a d.c. amplifier to an oscilloscope and the shape of the light pulse found 


(Fig. 4). 


Determination of burst co-ordinates 


The angular co-ordinates of the camera plates were obtained by photographing 
the night sky. After a series of shell flashes had been recorded, the camera shutters 
were closed, and then re-opened for a brief exposure at a given instant of time 
(accurate to about 1 sec), upon a receipt of a command by field telephone. The 
resulting star images were used as reference points to determine the plate orientation 
in terms of nine plate constants, from which the directions of the shell bursts with 
respect to the camera were found. By employing three ballistic cameras, the space 
co-ordinates of the bursts were determined by a triangulation method. For day- 


time experiments, the cameras would normally be left set up in position between 
the firing and the recording of a star background. 


RESULTS 


A number of tenth-scale grenade experiments were carried out at Shoeburyness 
between April and August, 1956. Of these, two night-time trials, conducted on 
1 and 14 May, gave complete sets of data on winds and temperatures between 
10,000 ft and 34,000 ft. A daylight experiment carried out on 24 August was only 
partially successful, as insufficient ballistic camera data was obtained to enable 
the burst co-ordinates to be computed. Details of the successful night-time 
experiments are given below: 

1 May 1956. A complete set of data was obtained for a series of five shell bursts 
at approximately 10, 19, 22, 28 and 34,000 ft. The analysis gave a constant wind 
over this range and the values obtained are compared in Figs. 5 and 6 with those 
obtained by meteorological balloon. Fig. 7 shows the corresponding temperature 
values. 

14 May 1956. Complete sets of data were obtained from two series of four shells 
and one series of five bursts. The analysis was carried out with one of the series of 
four shells giving the curves (A) in Figs. 8 to 10, and with the other two series 
combined to give the curves (B). 
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Fig. 5. Shoeburyness 1 May 1956, 2300 hours 

(approx.). E toW wind component determined 

by (I) five shells exploding at approximately 

10, 19, 22, 28, 34,000 ft, (II) meteorological 
balloon (unsmoothed). 
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Fig. 6. Shoeburyness 1 May 1956, 2300 hours 

(approx.). N to S wind component determined 

by (I) five shells exploding at approximately 

10, 19, 22, 28, 34,000 ft, (II) meteorological 
balloon (unsmoothed), 
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Fig. 8. Shoeburyness 14 May 1956, 2200 hours 

(approx.). W to E wind component determined 

by (A) four shells exploding at approximately 

13, 19, 22, 31,000 ft, (B) nine shells exploding 

at approximately 10, 13, 16, 19, 21, 25, 28, 

31, 34,000 ft, (C) meteorological balloon 
(unsmoothed). 


Fig. 7. Shoeburyness 1 May 1956, 2300 hours 
(approx.). Temperature determined by (I) 
five shells exploding at approximately 10, 19, 
22, 28, 34,000 ft, (IL) meteorological balloon. 





























Height x 1000ft 





























W—to—E wind component, ft/sec 





R. F. Stespprncs, G. V. Groves, R. L. F. Boyp and P. J. BowEn 














Fig. 9. Shoeburyness 14 May 1956, 2200 hours 

(approx.). N to S wind component determined 

by (A) four shells exploding at approximately 

13, 19, 25, 31,000 ft. (B) nine shells exploding 

at approximately 10, 13, 16, 19, 21, 25, 28, 

31, 34,000 ft, (C) meteorological balloon 
(unsmoothed). 
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Fig. 10. Shoeburyness 14 May 1956, 2200 hours 
(approx.). Temperature determined by (A) 
four shells exploding at approximately 13, 19, 
25, 31,000 ft, (B) nine shells exploding at 
approximately 10, 13, 16, 19, 21, 25, 28, 31, 
34,000 ft, (C) meteorological balloon. 
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Low-altitude testing of the rocket-grenade experiment for upper atmosphere temperatures and winds 


Discussion AND CONCLUSIONS 

Over the height range of the experiments, the balloon data gave wind speeds 
almost constant with height, and Figs. 5, 6, 8 and 9 show that the analysis of the 
sounding data has led to the same result. The comparison is very close, differences 
being mainly less than 5 ft/sec. In the temperature structure, Figs. 7 and 10 show 
that differences amount to the order of 10°C, which is somewhat greater than was 
expected. Some improvement may still be obtainable from the method of analysis, 
which so far has not included second-order refraction effects. This is now being 
investigated. Vertical air motion was not detectably different from zero to an 
accuracy of about 10 ft/sec. 
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J. VELDKAMP and D. vAN SABBEN 
Royal Netherlands Meteorological Institute, De Bilt 


(Received 30 November 1959) 


Abstract—The electric current system responsible for the great solar flare effect (s.f.e.) of 23 March 1958, 
is compared with the currents of the normal daily variation of the geomagnetic field. Whereas the 
standard S,-currents are symmetric with respect to the geographic equator, the pattern of the currents 
of the s.f.e. as well as that of the currents of the normal daily variation at the time of the s.f.e. are 
controlled by the magnetic equator. The same result is found by a re-examination of selected s.f.e.s 
published in the IATME Bulletins nos. 12f and 12h. It is shown that the s.f.e. currents must flow in a 
region where the disappearance of electrons follows an attachment law. The decrease of the s.f.e. leads 
to a loss coefficient f = 5 x 10-4 sec}, which compares with the known value for the D-layer. 


Soar flares are generally accompanied by several forms of sudden ionospheric 
disturbances (s.i.d.), viz. short-wave fade-outs (s.w.f.), sudden cosmic-noise absorp- 
tion (s.c.a.), sudden phase anomalies of very long radio waves (s.p.a.), sudden 
anomalies of field strength of very long radio waves (s.f.a.), sudden enhancements 
of long-wave atmospherics (s.e.a.), and last but not least by typical disturbances. 
of the geomagnetic field (s.f.e. or crochet). The first group of ionospheric disturb- 
ances (s.w.f., s.c.a., 8.p.a., 8.f.a., s.e.a.) is due to the increased ionization and lower- 
ing of the D-layer. The s.f.e. must be caused by an increased conductivity in the 
ionosphere; it is generally supposed that the electric currents responsible for this 
geomagnetic disturbance also flow in the lower ionosphere, e.g. in the D-layer. 

Several examples of s.f.e.s have been studied by McNIsuH (1937) and by BARTELS 
and VELDKAMP (1951, 1952, 1954); they compared the current vectors responsible 
for these disturbances with the electric current vectors of the normal daily 
variation. 

On 23 March 1958, a very strong solar flare was observed on the sun; the 
accompanying s.f.e. was about five times greater than usual. Therefore it offered 
an excellent opportunity to study the properties of this remarkable magnetic 
disturbance. 

The position of the flare on the sun was 14°S 77°E, the importance was 3+. 
It commenced at 0950 hours ; maxima were observed at 1005 hours, 1010 hours, 1016 
hours and 1018 hours; it ended at 1420 hours. 

The ionospheric recorder at De Bilt showed a very strong s.w.f., beginning at 
0950 hours. From 1005 hours to 1045 hours there was a complete fade-out of all 
normal ionospheric echoes; after that the /2-echo gradually reappeared. However, 
it lasted till about 1400 hours before the panoramic soundings behaved normally 
again. 

The receiving station NERA of the Netherlands PTT recorded a great outburst 
in solar radio noise on 200 Me/s, 545 Mc/s and 2980 Me/s, beginning between 1000 hours. 
and 1005 hours. Dellinger effects in the field strength of transmitters at Paramaribo 
and Karachi were recorded at NERA from 0952 hours on. 
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The magnetic disturbance (s.f.e.) began at 0952 hours, but at 1001 hours a 
further big sudden increase occurred. The greatest deviation of the magnetic trace 
was recorded by many stations at 1015 hours. 

The magnetic record of this unusually great flare was somewhat spoiled by a 
polar disturbance which started casually at 1015 hours with a sudden commence- 
ment in the stations Si and Co in Northern America, and at the same time in the 
Antarctic stations Mw and MI.* The magnetograms of the European stations 
showed a little unrest, following the s.f.e. stations in Central America and in the 

Witteveen Addis Ababa Hermanus 
9 10 3 9 10 MN _!2 10 











1005 


Fig. 1. Magnetograms from the stations Wi, AA and Hr, showing the s.f.e. of 23 March 1958. 
The arrows indicate the directions of increasing horizontal intensity H, easterly declination 
Dy and vertical intensity Z. 

Pacific recorded a bay disturbance, beginning at 1015 hours, with a maximum at 
1100 hours. No (or almost no) disturbance was recorded in the equatorial belt. 
As in most stations this polar disturbance became visible after the maximum of 
the s.f.e.; accurate readings of the s.f.e. were quite possible, except for the records 
of the northern stations Tr, Ai and So. Here the s.f.e., if present, was obscured by 
the polar storm. 

Fig. 1 shows the s.f.e. as recorded by the stations Wi, Hr and AA. The disturb- 
ance vector was calculated by measuring the maximum deviations of the 
horizontal intensity H and the declination D with respect to the interpolated 
undisturbed traces. 

Fig. 2 shows the horizontal electric currents in the ionosphere (heavy arrows 
with single head), necessary to produce the horizontal components of the s.f.e. 
during its greatest development, as well as the currents for the normal daily 
variation at the same time (light arrows with double head). 

The components of the daily variation were measured taking the values during 
the night hours (2200-0200 hours local time) as base values; no measurements 
were made for those stations where the night hours showed too much disturbance. 
Scales of y and A/km are indicated at the bottom of the figure; the relation between 
the current density in A/km and the magnetic disturbance in y is 


A H 
1 = 0-6 —— (1) 
0:27 


* The magnetic observatories are indicated by the two-letter symbol introduced in the IATME 
(IAGA) Bulletins no. 12. 
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On the current system of solar-flare effects 


where the factor 0-6 accounts for the induced currents in the earth (CHAPMAN and 
Barres, 1940). In order to avoid overcrowding the figure, some stations were 


taken together, e.g. ME shows the mean value of the s.f.e. in the stations Wn, Wi, 
Ni, Cm, Db, Ma, Pr, Fu, Ti and Hb. A heavy black dot means that no s.f.e. was 


recorded. 
s.f.e. 17 september 1949, 17h 16m UT 
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Fig. 3. The current pattern of the s.f.e. of 17 September 1949, 1716 hours UT. The broken 
line is the magnetic equator. See also IATME Bulletins no. 12e, p. 101. 


Roughly speaking, the electric currents responsible for the s.f.e. were twice as 


strong as the currents of the daily variation. 
The solid lines in Fig. 2 show the current pattern of the s.f.e., drawn according 


to the disturbance vectors. The broken lines are currents of the standard S,-system 
for the equinoxes (CHAPMAN and BaRTELS, 1940). The star is the subsolar point, 
the hatched strips indicate the limitation of the daylight hemisphere. 

It is quite clear that the current pattern of the s.f.e. is almost symmetric with 
respect to the magnetic equator (the partly broken line). Consequently, the 
greatest disturbance (160 y) was recorded by the station AA which lies nearly on 
the magnetic equator and under the equatorial electrojet (ONWUMECHILLI, 1959; 
GOUIN, 1959). The currents of the daily variation at the time of the s.f.e. are in 
better accordance with the S,-pattern for the equinoxes; it is, however, clear that 
in the vicinity of the equator the currents of the normal daily variation are also 
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influenced by the magnetic equator, and that the centres of the current systems 
lie easterly from the centres of the standard S,-pattern, especially in the southern 
hemisphere. The great vortices of the s.f.e. are accompanied by smaller ones; 
however, they cannot be drawn accurately for lack of observations. 

Compared with CHAPMAN’s S,-system, the current pattern of the s.f.e. is 
compressed in a north-south direction, especially in the northern hemisphere. 


sf.e. 2 october 1949, 14h Olm UT 
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Fig. 4. The current pattern of the s.f.e. of 2 October 1959, 1401 hours UT. See also IATME 
Bulletin no, 12e, p. 103. 
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This is apparently due to the fact that the magnetic equator is here north of the 
geographic equator. Moreover, there is practically no difference in longitude 
between the centres of the s.f.e. system and the subsolar point, so that the S,- 
system is about 1 hr in advance of the s.f.e. pattern. 

As for stations lying on the night side of the earth, no s.f.e. was recorded at 
Fr, Tu, Te, SJ, Fq, Ka, As, Ss, Mm, Kr, Gu, Hn, PM, MI, Mw and Am. The 
stations Hu and To recorded a small deviation, which may have been caused by 
the s.f.e. or by the following polar disturbance. Tw, lying in the twilight zone, 
recorded a small crochet. The s.f.e. was practically confined to the daylight 
hemisphere. 

Formerly it was thought (McNisH, 1937) that the s.f.e. was caused by the 
enhanced ionization in the S,-region, so that the disturbance vectors of the s.f.e. 
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should have the same direction as the vectors of the normal daily variation. 
However, the vectors of the solar flare effect and the daily variation generally do 
not coincide, as is shown by the selected examples in the I[ATME Bulletins nos. 
12e, 12f and 12h (BARTELS and VELDKAMP, 1951, 1952, 1954). An examination 
of a number of these figures resulted in the current patterns for the s.f.e. disturbance 
as shown in Figs. 3-6. As the data from these smaller s.f.e.s are generally less 
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Fig. 5. The current pattern of the s.f.e. of 17 February 1950, 0120 hours UT. See also 








IATME Bulletin no. 12f, p. 80. 


abundant and relatively less accurate, the lines are only drawn with the intention 
to localize the current vortices and not to give the absolute values of the current 
densities. The dotted lines represent the magnetic equator for 1945 (VESTINE et al., 


1947). From an inspection of these figures it is clear that shape and place of the 
s.f.e. vortices are related to the magnetic equator, rather than to the geographic 
equator, just as was found for the great s.f.e. of 23 March 1958. The local times 
of the centres of the vortices vary from 1000 to 1200 hours. It is reasonable to 
suppose a dependence on UT, as a consequence of the asymmetry of the magnetic 


field with respect to the axis of the earth. 

GRAFE (1958) has drawn attention to the fact that the occurrence of the 
s.f.e.s shows maxima during the equinoxes, as do other magnetic disturbances 
of corpuscular character. His conclusion is that the current system of the s.f.e. is 
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not an enhanced S,-system; probably the currents responsible for the s.f.e. flow 
at a different height to the S,-currents. VoLLAND and TAUBENHEIM (1958) are of 
the same opinion. As there appears to be a close correlation between the s.f.e., 
the s.i.d. and a temporary enhancement of the H-ionization, these authors think 
that the s.f.e. current system must flow partly in the D-layer and partly in the 
E-layer, and therefore below the S,-currents which they suppose to flow above the 
E-region. 


s.f.e. 14 april 1950, 12h45m UT 
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Fig. 6. The current pattern of the s.f.e. of 14 April 1950, 1245 hours UT. See also IATME 
Bulletin no. 12f, p. 81. 


The exploration of the ionosphere by means of rockets (SINGER et al., 1951; 
CAHILL and VAN ALLEN, 1958) has proved the existence of electric currents flowing in 
the ionosphere. Supposing an unbounded horizontal sheet current, the change in the 
geomagnetic field strength in going through the sheet would be twice the geo- 
magnetic variation measured at the earth’s surface. It was found that under 
normal circumstances no appreciable current flows in the D-layer, that a deviation 
from the inverse-cube law as a function of the altitude was present from 95 to 
110 km above the earth, and that a second deviation began at 117 km. The anomaly 
in passing through the #-layer was less than one-half of the expected value. There- 
fore the S,-currents must flow partly in the lower part of the H-layer and partly at 
a somewhat greater height. Whereas the normal D-layer is formed by Ly « 
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radiation, which gives a maximum ionization at the height of about 80 km, hard 
X-rays with wavelengths to 1 or 2 A are necessary in order to get ionization at 
levels as low as 65 km. Indeed, rocket measurements obtained during solar flares 
gave positive evidence of an intense coronal X-ray emission, penetrating below 
80 km (CHuss et al., 1957). This temporary X-radiation accounts for the intense 
ionization in the D-layer which causes the s.i.d. phenomena. 

APPLETON and PiaGortT (1954) have argued that the S,-currents must flow in 
the H-layer, whereas the absorbing layer must be identical with the D-layer. 
These conclusions are based on the measurements of the recombination coefficient 
a from the diurnal variation of the electron density N and from the variation of 
the absorption on normal days and during s.i.d.s. It is supposed that the electron 
density is controlled by the equation 

aN : 
— = q(t) —a N? (2) 
dt 


and it is found that «V = 4 x 10-4 sec! in the D-layer whereas «NV = 12 x 10-4 
sec! in the E-layer. Moreover they found that in both layers the dissipation of 
electrons follows the recombination law («N?) and not the attachment law (f/N). 

Mitra and Jones (1954) calculated the following values of «: «= 10-° em? 
sec! for 65 km height, « = 10-7 em® sec™! for h = 90 km and « = 5 x 10-8 em? 
sec! for h = 110 km. They find that the recombination curve may be explained 
by attachment and formation of negative ions below 80 km and by dissociative 
recombination above 90 km. 

RatcuirFe et al. (1956) confirm the recombination law in the H- and FI- 


layers. In the F2-region the disappearance of electrons is according to BN, but 
here the dissipation by vertical drift introduces considerable uncertainty. 

Some new information can be obtained by the investigation of the decrease of 
the s.f.e. under consideration. Supposing that at some time ¢ = 0 after the maxi- 
mum of the s.f.e. no new extra ionization is formed in the region where the s.f.e. 
currents flow, and that the electrons disappear by recombination as well as by 
attachment, the decrease of the electron density with time ¢ is given by 


d(.N + x) y : 9 y 
Sa oe ge — a ay — PEN +a) (3) 
dt 
where JN is the normal electron density and x the extra ionization due to the s.f.e. 


The solution of (3) is 


(4) 


where & = aay/y and y = f + 2Na; 2, is the excess electron density at the time 
t — 0. 

Fig. 7 gives some graphs of 2x/x) for various values of ). The decrease is 
exponential for & = 0, but for values of & > 0 the extra ionization disappears 
more slowly at the end. 

Now the decrease of the s.f.e. in question is practically exponential, as is shown 
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by the examples of Fig. 1; this is also the case with many other s.f.e.s (see, for 
example, the selected examples in IATME Bulletin no. 12h). This means that 


KXg < p - 2Na. (5) 


The current density in the ionosphere is determined by the conductivity 


oNy 
ve eM (6) 


mv? + w?) 


where J is the electron density, v the collision frequency and w the gyro-frequency 
(ow =7 X 108 sec!). In the E-layer N is about 2 x 10° cm-? and » is between 


x 


x, 














| 1 


2 1t 


Fig. 7. Graphs of x/x, for some values of &). The dots indicate the decrease of the s.f.e. at 
Addis Ababa. The irregularities may be ascribed to the polar disturbance which commenced 
during the s.f.e. 





10* and 10° sec-1; in the normal D-layer N is about 10% and v between 10° and 
108 sec"!. Taking these values we see that o is only somewhat smaller in the 
D-layer than in the H-layer; in the F-region the conductivity is much smaller 
owing to the low value of the collision frequency, which is here between 10? and 
10 sec“. 





On the current system of solar-flare effects 


The s.f.e. currents are comparable with the currents of the normal daily 
variation. If they flow in the D-region where normally the current density is 
small, it follows that x, > N, so that from (5) 6 > aa, and therefore 6 > «aN, 
which means that the s.f.e. currents must flow in a region where the disappearance 
of electrons is analogous to an attachment process. This might also point to the 
F2-region but it is improbable that here the ionization is enhanced to such a degree 
as required by the s.f.e. currents. 

The following values were found for the half-value time ¢,;: 20 m (Lo), 15 m 
(Le), 12 m (Wi), 25 m (TI), 20 m (He), 30 m (Ta), 30 m (AA), 20 m (Qu), 35 m (Ba), 
20 m (Mr), 20 m (Hr). There seems to be an increase for t, from higher latitudes 
towards the equator. 

Taking t, = 25 m as a mean value, we obtain § = 5 x 10-* sec~!. This value 
compares with the value for «N for the D-layer found by APPLETON and Piaceorr. 
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Collmberg (Cm), Hartland (Ha), Manhay (Ma), Dourbes (Db), Tihany (Ty), 
Pruhonice (Pr), Fiirstenfeldbruck (Fu), Chambon la Féret (CF), Hurbanova (Hb), 
Nantes (Na), Istanbul Kandilli (IK), Teheran (TI), Ebro (Eb), Logrono (Lg), 
Coimbra (Ci), Toledo (T1), Fredericksburg (Fr), San Miguel (SM), Kakioka (Ka), 
Aso (As), Shimosato (Ss), Ksara (Ks), Tucson (Tu), Quetta (Qu), Cha Pa (CP), 
Helwan (He), Tamanrasset (‘T'a), Honolulu (Ho), Koror (Kr), Guam (Gu), Teolo- 
yucan (Te), Fuquene (Fq), San Juan (SJ), Addis Ababa (AA), M’Bour (MB), 
Paramaribo (Pa), Bangui (Ba), Hollandia (Hn), Binza (Bi), Luanda (Lu), Elisa- 
bethville (El), Kuyper (Ku), Huancayo (Hu), Port Moresby (PM), Apia (Ap), 
Tananarive (Tn), Mauritius (Mr), Vassouras (Va), Watheroo (Wa), Pilar (Pi), 
Hermanus (Hr), Toolangi (To), Trelew (Tw), Amberley (Am), Macquarie Island 
(MI), Mawson (Mw). 
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Abstract—-The radio-echo meteor technique has been used to investigate atmospheric density and scale- 
height variations between altitudes of 85 and 105 km. A diurnal oscillation of density with an amplitude 
equal to 13 per cent of the mean density at 96 km is found. The amplitude of this oscillation increases 
by a factor of 3 over the observed height range. A semi-diurnal density variation approximately half 
the diurnal oscillation is also present. 


1. INTRODUCTION 


METEORS burn away between heights of about 80 and 110 km in the upper atmos- 
phere, producing light and ionization by collision processes. Radio echoes are 
obtained from the ionized trails, enabling the electron densities and meteor 
velocities to be determined. Observation of the behaviour of the trails after 
formation also enables the properties of the atmosphere to be investigated. This 
paper describes measurements of density and scale height in the region 85 to 
105 km from the radio-echo observation of meteors. The diurnal variations in 
density are studied in some detail using two separate methods. The first method 
depends upon the measurement of the ambipolar diffusion coefficient D (GREEN- 
HOW and NEUFELD, 1955a) which is closely related to echo duration and radio 
wavelength 4.. When the linear electron density « is less than 10!* em~!, the echo 
amplitude decays exponentially with a time constant 


T = /7/1672.D (HERLOFSON, 1948) (1) 


where D is inversely proportional to the atmospheric density. 

The second method uses the observed dependence of the height of occurrence 
of a meteor upon its geocentric velocity (KAa1sER, 1954). The basis of this method 
is that a meteor of given mass and velocity will undergo its maximum rate of 
evaporation, giving maximum «, after intercepting a constant air mass, thus 
determining the atmospheric pressure at the height of maximum ionization. 


2, TECHNIQUE 
2.1. Method of height measurement 
The heights of reflection of the radio waves are measured using the split beam 
technique described by CLteae@ and Davipson (1950). Two separate aerials are 
situated at heights of 4/2 and 4/4 above a good reflecting surface. Ground reflections 
modify the vertical polar diagrams of the aerials, and the ratio r in signal strengths 
received by the aerials varies with elevation H in the manner 


r = 2 cos (x/2 sin £). (2) 


The transmitter operates at a peak power of 10 kW. with a pulse length of 30 usec 
and pulse repetition frequency of 600 per second. The wavelength A is 8-2 m. 
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Separate receivers of optimum bandwidths are connected to each of the receiving 
aerials. A range resolution of 1 km is attained by transmitting every fourth pulse 
as a pair the second of which is only 7 usec wide. A third receiver with a band- 
width of 140 ke/s is then used for range measurements. A loss in signal-to-noise 
ratio is present in this channel but whereas an echo 20 dB above noise is required 
for elevation measurements, an echo only 6 dB above noise is adequate for ranging. 

Each receiving aerial consists of a horizontal folded dipole and _ reflector, 
simple aerials being chosen in order that the free space polar diagrams should 
be as nearly as possible the same. The transmitting system is an array of four 
Yagi aerials inclined at 45° to the horizontal, with a beamwidth -+-20° to the first 
zero in both the EF and H planes. This aerial system is designed to restrict the 
majority of meteor echoes to the central parts of the receiving aerial polar diagrams, 
where the rate of change of free space gain is small. 


2.2. Photographic recorder 

The display consists of four cathode-ray tubes which show various echo 
characteristics. A section of film record is illustrated in Fig. 1. A is a range 
amplitude display which strobes out the region from 100 to 250 km. 10 km and 
50 km range markers enable range to be measured to within +-1 km from visual 
inspection of the narrow echo pulse. 

A slow time base of 0-5 see duration is displayed as a horizontal deflexion on 
tube B, while the output of one of the receivers appears as a vertical deflexion. 
The time base is triggered by the individual meteor echoes when their amplitudes 
rise above a preset level. Tube 6 therefore shows the echo amplitude variation 
for 0-5 sec after the formation of a trail. This time is long enough to include the 
half-amplitude decay periods of the majority of all decay-type echoes. 

The time base on tube C is also triggered by the echo, but has a duration of 
only 0-1 sec. Successive echo pulses separated by 1-7 msec can be resolved, 
enabling the diffraction fluctuations which determine meteor velocity to be 
measured (Davies and Evtyert, 1949). Very rapid amplitude decays are also 
measured from this tube. 

On completion of the slow time-base sweep the camera, which operates without 
a shutter, winds on 4mm of 35 mm recording film in readiness for the next echo. 
The ratio in signal strengths at the receiving aerials is measured from tube D. 
The outputs of the two receivers are displayed simultaneously on the x- and 
y-deflexion plates, and a single echo pulse would therefore appear as a line with a 
slope equal to the required ratio. Bright-up is applied only to the peaks of the 
pulses on this display, and when an echo of variable amplitude is received a row 
of points is observed on the screen. The best straight line through these points, 
the scatter on which is due to noise fluctuations, gives the ratio in echo amplitudes. 
S is an artificial echo of constant amplitude, radiated from a fixed aerial in front 
of the receiving aerials, and is used to calibrate the system. 


2.3. Errors in height measurement 
Random errors in the measurement of elevation can arise through noise 
fluctuations and irregularities in the receiver polar diagrams. An estimate of the 
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Fig. 1. Section of film record showing a number of meteor echoes. Various echo character- 
istics are displayed on four cathode-ray tubes A, B, C and D (see text). 
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combined errors has been made by observing the departures of amplitude ratios 
from unity when the aerials are at the same height. The standard deviation of 
the observed ratio distribution is --5 per cent about the mean value, corresponding 
to a height error of --3-0 km. This is larger than the error due to noise considera- 
tions alone. Further errors may be introduced when the aerials are placed at 
different heights. The maximum possible error can be found by assuming that 
echoes with similar decay times occur at the same true height. The width of the 
height distribution of echoes with similar decay times is found to be 4:5 km. An 
intermediate value of +4 km has therefore been adopted for the accuracy of a 
single height measurement. 

Systematic height errors have been investigated by comparing the calculated 
values of the artificial echo ratios with the observed values, with the receiving 
aerials at various heights, when the systematic errors are found to be of the order 
0-5 + 0-5 km. 

3. RESULTS 

Because of the error of 4 km in each height determination, in order to resolve 
diurnal variations in atmospheric density of the order of 5 per cent of the mean 
density, approximately 3000 meteor echoes distributed in a number of intervals 
throughout the 24hr are required. These can be obtained in about 10 days 
observations with the present equipment, and the results obtained during two 
fortnightly runs in January—February 1958 and 1959 will be compared. The 
heights, velocities and echo decay times of each meteor have been measured, 
enabling two independent determinations of the density variations to be made. 
The first method is through the use of echo decay times to give measurements of 
the ambipolar diffusion coefficient. 


3.1. Variation of diffusion coefficient with height 

3.1.1. Relation between diffusion coefficient, density and temperature. The ambi- 
polar diffusion coefficient, which determines the rate of dispersal of the ionized 
matter in a meteor trail, is given approximately by the expression 


3-5 m >! \ 1/2 
Bice ‘teal (3) 
4pA TU 


where m is the mean mass of an air molecule, A the appropriate collision cross- 
section, k Boltzmann’s constant, ~ the mean mass of a diffusing particle, p the 
air density and 7’ the temperature (GREENHOW and NEUFELD, 1955a). The 
height variation of D is thus determined primarily by the variation of atmospheric 
density. Second-order effects may be introduced through height gradients of 7’ 
and m. For an isothermal atmosphere the height/In p relation is a straight line, 
the slope of which is numerically equal to the scale height H = kT'/mg (g is the 
gravitational acceleration). A height variation of 7’ would cause the straight line 
to become curved. 

Thus measurements of the variation of diffusion coefficient with height enable 
atmospheric densities and scale heights to be determined. 

3.1.2. The mean diffusion coefficient—height profile. The heights and corre- 
sponding diffusion coefficients, determined from echo-decay times using equation 
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(1), have been plotted for meteors occurring in 2 or 3 hr intervals for the two 
series of observations. The method of analysis used in order to derive the curve 
giving the best fit to the measured values of D and height will be described in 


another paper. 

The results for a number of 3 hr intervals are given in Fig. 2 where least square 
straight lines have been fitted to the points for each period. The gradients of the 
lines can be determined to an accuracy of --10 per cent, and the values of D at a 


105 
(0) 








log, D, crré sec" 





i 
log. D, cm2 sec™! 


Fig. 2. Variation of diffusion coefficient with height for two 3-hr intervals. (a) @, 0000-0300 


and ©, 1800-2100 hours, January—February 1958. (b) @, 0000-0300 ©, and 180 —2100 
hours, January—February 1959. 


given height to +5 per cent. No significant second-order terms can be measured 
using the method of least squares, and no attempt has been made _ to 
measure the gradient of scale height. It can be seen from Fig. 2 that quite large 
variations in diffusion coefficient occur at a given height at different times of the 
day. The mean curves of diffusion coefficient vs. height for 1958 and 1959, with 
this daily variation removed (Section 3.1.4) are given in Fig. 3. There is good 
agreement between the results for the 2 years. The scale heights derived from the 
slopes of the lines are 8-8 —- 0-2 km in 1958 and 9-2 + 0-3 km in 1959, and a mean 
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value of 9-0 + 0-2 km has been adopted. There is a small displacement of the two 
straight lines corresponding to a difference in diffusion coefficient of 15 per cent at 
a height of 96 km. However, the calibration of the equipment in 1958 was not 
sufficiently accurate to determine whether this is a real variation or a small system- 
atic error of about 1-5 km in the height measurements. The measured values of 
diffusion coefficient vary from about 2-1 104 em? sec at a height of 85 km to 
2-0 x 10° cm sec at 105 km. 








log, D, cm sec-! 


Fig. 3. Mean daily profiles of diffusion coefficient vs. height. 


3.1.3. The mean density profile 

The measurements of diffusion coefficient described in the previous Section 
can be converted to atmospheric densities using equation (3). Values of uw = 35 
a.m.u., m = 26a.m.u. and 7 = 270°K (determined from the measured scale 
height), have been assumed. These values are not critical as the largest uncertainty 
arises in the collision cross-section A. A cross-section of 7 « 10-15 cm? has been 
taken (RAMSAUER and BEECK, 1928), but a systematic error of perhaps a factor 
2 in p may arise because of the uncertainty in this estimate. The mean density 
profile for the 2 years is given in Fig. 4(i). The measured value of log p (g em~*) 
varies from —8-2 to —9-2 between 85 and 105 km, with an error of the order of 
0-3. 

3.1.4. Diurnal variation in diffusion coefficient and atmospheric density. The 
presence of a large diurnal variation in diffusion coefficient at a fixed height is 
illustrated by the curves in Fig. 2, where the mean profiles for 0000-0300 hours 
and 1800-2100 hours for 1958 and 1959 are compared. 

In 1959 the profiles for the two periods are displaced by 0-4 in In D at 96 km, 
corresponding to a change of 1-5 in diffusion coefficient or air density. This daily 
variation occurs at all heights between 85 and 105 km, and appears to be greater 
at greater heights. The 1958 results are very similar, with a variation of 0-3 in 
In D at 96 km. 
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The diurnal variation of diffusion coefficient is shown more fully in Fig. 5, 
where the values of D at a mean height of 96 km are shown for all the 2 or 3 hr 
groups for both years. In order to reduce the scatter on the individual points in 
this figure, lines of fixed slope given by the mean h/In D relations in Fig. 3 have 
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l0Qio 2. g cm-3 
Fig. 4. Density profiles: (1) Meteor radio echo observations. (2) Rocket Panel. 
(3) Rocket observations (Horow1trz and La Gow) 
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Fig. 5. The diurnal variation in diffusion coefficient at a mean height of 96 km. Smooth 
curves are drawn through the points. (a) January—February 1958. (b) January—February 
1959. 


been fitted to the experimental points in each interval. The effects of a possible 
diurnal variation in slope, suggested by the results illustrated in Fig. 2, will be 


The diffusion coefficient shows a marked diurnal variation with a 
minimum in the afternoon. A secondary minimum is present in the early morning 


hours, corresponding to a semi-diurnal variation in D. The results for both years 
are very similar. 


discussed later. 
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From equation (3), D o p7! 7/2, enabling the curves of Fig. 5 to be converted 
to curves showing the diurnal variation of p/7"/? at a height of 96 km (Fig. 6a,b). 
If, in the first instance, an isothermal atmosphere is assumed, then these curves 
show the diurnal variations in density at a fixed height in the upper atmosphere. 
The peak-to-peak variation in p is approximately 30 per cent of the mean density 
p, and the curves show evidence of both diurnal and semi-diurnal oscillations. 
A Fourier analysis has therefore been carried out to determine the amplitudes 
and phases of the 24hr and 12 hr harmonics of the density oscillation. The 











16 
G.MT. 


Fig. 6. Diurnal variations in density at a height of 96 km, expressed as a fraction dp/p of 
the mean density p. The broken curves show the sum of the first two terms of the Fourier 
series giving the 24 hr and 12 hr periodic components (Table 1) 

results of the harmonic analysis are given in Table 1 (a) and (b). The amplitude 
of the 24 hr variation is approximately 15 per cent of maximum density occurring 
about 1630 hours GMT, while the amplitude of the 12 hr harmonic is 6 per cent 
of p, maximum density occurring near 0450 hours and 1650 hours GMT. The 
results for the 2 years are in quite good agreement. 

3.1.5. Diurnal variations in slope of the h/ln D profile and scale height. The 
plots of log(diffusion coefficient) vs. height in Fig. 2 show evidence of variations in 
slope at different times of the day. In order to investigate this effect more fully 
the gradients of the best straight lines for the results in all the 3 hr intervals have 
been determined. The gradient is expressed in terms of a scale height Hp over 
which the diffusion coefficient changes by a factor e, and the results are shown in 
Fig. 7. The individual points in this figure are weighted means of the measurements 
during the 2 years. H, shows a quite marked diurnal oscillation, and harmonic 
analysis gives the daily variation 

H, (km) = 9-0 + 0-9 sin 7/12(t — 13-4). (4) 
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The mean value throughout the day is 9-0 km, while the amplitude of the oscillation 
is 0-9 + 0-3km. The maximum value of > occurs at approximately 1925 + 0100 
hours. Thus the peak to peak variation of Hp is approximately 20 per cent of the 


mean value. However, this variation in slope of the h/In D curve cannot necessarily 


Table 1. Diurnal and semi-diurnal variations in atmospheric density at a 
height of 96 km as a fraction of the mean density ‘p 





Harmonic analysis 
Period Method Op/p = a, sin 7/12(t — t,) 
+ ay sin 7/6(t — ty) 


Jan.—Feb. 1958 Diff. coeff. Op/p 0-13 sin 7/12(t — 9-2) 
—height + 0-05 sin 7/6(¢ — 0-2) 

Jan.—Feb. 1959 Diff. coeff. Op/p = 0-17 sin 2(¢ — 11-9) 
—height + 0-07 sin 7/6(¢ — 3-4) 

Jan.—Feb. 1959 Velocity Op|p 0-12 sin 7/12(¢ — 11-6) 
—height + 0-07 sin 7/6(¢ — 1-4) 

Jan.—Feb. 1958 Mean curve Spl p 0-13 sin 7/12(¢ — 10-8) 
and 1959 + 0-05 sin 7/6(t — 1-8) 





a, and a, are the amplitudes of the 24 hr and 12 hr components, and ¢, and ¢, their phases. The 
phases are defined such that the densities are a maximum at times ¢ when the sine terms are unity. ¢, 
t, and ¢, are measured in hours, ¢ is in GMT. The errors in a,, a, are approximately +-0-02, and in 
1 2 1» lg gee = 


t,, f; approximately 0-5 hr. 


be interpreted as a diurnal temperature variation only, as variations of D are a 
result of changes in both density and temperature. The separation of these two 


effects will be discussed in detail in Section 4.3. 











Fig. 7. The diurnal variation in slope of the In (diffusion coefficient)—height relation, 
expressed as an apparent scale height Hp. 


3.2. Diurnal density variations from height—velocity observations 

3.2.1. Method. The second method for determining diurnal variations in 
atmospheric density is by observation of the heights of occurrence of meteors with 
different velocities. Theories of meteor evaporation have been developed which 
relate the atmospheric density p,,,, at the point at which a meteor undergoes its 
maximum rate of evaporation, to the meteor velocity V, the linear electron 
density in the meteor trail x,,,, and other variables (KAISER, 1954). In particular 


~~ wil YW—-22-1/3/1—2/3 : 
Pmax % %max U p AP (9) 
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where f is the probability that a single evaporated meteor atom will produce a 
free electron by collision processes. It has been assumed previously that f is 
independent of velocity, but recent work has shown that 6 « V? so that equation 
(5) becomes 


M2/3 gq-~ yils T-3 ; 
Pmax 1 o Casas | 5 (6) 


The observed variation of the height of occurrence of meteors with velocity is 
shown in Fig. 8, where log V is plotted against the mean heights of meteors in 
various velocity groups. The slope of the experimental curve varies from that 
corresponding to p oc V-* for fast meteors, to only p o V~-! for slow meteors. 
Thus it is clear that serious departures from theory occur, and height—velocity 


0 ; 








logioV, km secu! 


Fig. 8. The variation in mean height of reflection of radio echoes from meteors as a function 
of meteor velocity. 


relationships cannot be used to give absolute measurements of atmospheric density 

using existing theories. The results are, however, of considerable value if it is 

required to investigate relative variations of density at a given height only—in 
particular diurnal and seasonal changes. If it is assumed that 

T2I3 o¢ Flo 7 - 

Pmax ro F(%max ) (7) 


for meteors with a random distribution of radiants and similar constitution, then 
as a radio equipment detects meteors of similar ~,,,, at all velocities, this expression 


reduces to 

Pmax1/* oc f(V). (8) 
Thus on the average, meteors of given velocity will produce their maximum 
ionization at a level of constant value of p7?/> although the form of the height 
variation f(V) cannot be predicted. By observing the diurnal variations of heights 
of meteors of constant velocity, therefore, the diurnal variation of density at a 
given height can be determined. 

Results. In order to make full use of the observations, meteors of all 
velocity groups have been used, and the smooth curve of Fig. 8 has been fitted 
to the height—velocity results for 3 hr intervals throughout the day. The results 
for 15 days in January and February 1959 have been integrated to improve the 
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accuracy of the observations. The results are given in Fig. 9 where the variation 
in height of occurrence of meteors with constant velocity is shown at 3 hr intervals. 
This curve may be converted to one showing the density variations at a given 
height using the known scale height (Fig. 6c). The resulting diurnal density 
variations refer to a mean height near 96 km (an isothermal atmosphere is again 
assumed). The shape of the curve in Figs. 9 and 6(c) are very similar to those for 
the density variations derived from measurements of diffusion coefficient. 
Harmonic analysis of the results in Fig. 6(¢) shows the presence of both diurnal 
and semi-diurnal periodic variations in density, and the expression for dp/p is 








Fig. 9. Curve showing the diurnal variation in height dh of log (velocity)—height curves 
of the type shown in Fig. 8, for eight 3 hr intervals throughout the day. Displacements 
Oh are measured relative to the mean daily curve in Fig. 8. 


given in Table l(c). The 24 hr density variation has an amplitude equal to 12 + 


2 per cent of the mean density p throughout the day, with a maximum density 
at 1735 + 0030 hours GMT. The 12 hr variation has an amplitude 7 + 2 per 
cent of p, with maxima at 0425 + 0030 and 1625 + 0030 hours GMT. These 
values are in good agreement with the results obtained using measurements of 
diffusion coefficient and height. 


4. DIscUSSION 


4.1. The mean temperature and density profile 

The mean density profile determined from measurements of diffusion coefficient 
is compared with other observations in Fig. 4. The densities are in reasonable 
agreement with the Rocket Panel measurements (1952) but differ by a factor 2 
from the rocket measurements of Horowitz and La Gow (1957). These differences 
are probably not significant, as systematic errors of this order are present in both 
the meteor measurements and in the determinations from individual rocket 
flights. The difference in slope between the profiles is more significant. The scale 
height determined by the Rocket Panel at latitude 33°N is 6-9 km at a height of 
96 km, whereas the meteor observations at a latitude of 53°N give a value of 9 km. 
This 30 per cent difference may be due to an increase in temperature with latitude. 
Evidence for such an increase at rather greater heights (about 130 km) is given by 
rocket flights in the auroral zone (lat. 59°N), where the scale height was found to 
be almost twice as high as the Rocket Panel determinations (Horow1Tz and 
La Gow, 1958). 

There is also a possibility that the slope of the h/In D curve is artificially 
increased, because of selection effects which make it difficult to detect meteor 
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echoes with very rapid amplitude decays at the greater heights. This effect is now 
being investigated. 


4.2. The diurnal density variation 


The diurnal and semi-diurnal variations in upper atmosphere density may be 
compared with the pressure oscillations required to account for the known upper 
atmosphere wind systems. These have been extensively studied at Jodrell Bank 
(GREENHOW and NEUFELD, 1955b, 1956), and Adelaide (ELFoRD and RoBEertson, 
1953; ExLrorp, 1959). 

In the northern hemisphere the semi-diurnal wind is well represented by a 
vector of constant amplitude rotating in a clockwise direction, such as would be 
produced by a progressive pressure wave of the form A(d¢) sin [2(@t + y)]; where 
y is the longitude and @ the angular velocity of the earth. Assuming a cos ¢ law 
for the latitude variation A(¢) in amplitude of the wave, it is found that a semi- 
diurnal wind system with an amplitude of 30 msec™! at 96 km, blowing towards 
the north at 0630 hours (GREENHOW and NEUFELD, 1955b), would be produced 
by a 3-3 per cent pressure oscillation with a maximum at 0330 hours LT. This 
is two-thirds the amplitude of the observed variation, while the phase differs by 
only 1-3 hr from the measured value. As an ideal expression for the pressure wave 
has been assumed in order to use the equations of motion for a particle in a rotating 
atmosphere, the agreement between the measured variations and those deduced 
from the wind system is quite good. The diurnal wind variation on the other hand, 
is extremely irregular. At Jodrell Bank its amplitude is sometimes equal to that 
of the semi-diurnal variation, but more usually it is a factor of 3 or 4 times smaller. 
Also the behaviour of the wind vector is not that which would be expected for a 
simple progressive pressure wave. At Adelaide, on the other hand, the diurnal 
wind is the major component and it is generally larger than the semi-diurnal 
component. Thus in the absence of any well-defined wind structure it is not 
possible to calculate the nature of the associated pressure variation. As a rough 
estimate, equal amplitude 24 hr and 12 hr periodic wind systems, such as observed 
at Adelaide but not at Jodrell Bank, would be produced by pressure oscillations 
with a ratio 2 or 3 to 1, depending upon the form of the pressure distribution. 
The observed amplitude ratio is 2-6. 

An investigation of diurnal variations in upper atmosphere density has been 
made by Jaccuta (1957), from the photographic observation of meteors. Least 
squares analysis of the results gives a semi-diurnal component with an amplitude 
of 5 -+- 5 per cent of the mean density, and Jaccuta only sets an upper limit of 
0-1p for the amplitude of this periodic variation. As photographic observations 
can only be made at night-time, they do not enable observations of the larger 24 hr 
component to be made. 


4.3. Height gradient of the density oscillation and diurnal temperature changes 


In a static, isothermal atmosphere, the slope of the h/In D relation gives the 
scale height H, and if the temperature changes, the slope of the line changes in 
proportion. Fig. 7 shows the existence of quite large diurnal variations in apparent 
scale height, equivalent to a peak-to-peak temperature variation of approximately 
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20 per cent. Such large temperature variations would not be expected in the 96 km 
region and indeed the similarity of the curves in Fig. 6(a) and (b) which essentially 
measure the density, to Fig. 6(¢) which more nearly measures pressure, show that 
temperature variations are small. In the presence of an atmospheric pressure 
oscillation of amplitude dp, however, changes in slope would be produced by an 
increase in dp with height as well as by temperature variation. For an adiabatic 
change in pressure dp/p, there will be a corresponding density variation dp/p = 
(1/y)(6p/p) and temperature variation 67/7 = {(y — 1)/y}(op/p). As there is a 
pressure oscillation of the order of 10 per cent of the mean daily value, these 
equations imply that the temperature oscillation will be of the order of 3 per cent 
about the mean temperature. The rest of the diurnal change in apparent scale 
height can then be explained by an increase in the periodic density variation 
dp/p with height by approximately 0-007 km-!. As 6p/p~ 0-13 at 96 km, this 
gradient corresponds to an increase in the fractional diurnal density variation from 
0-06) at 85 km to 0-17p at 100 km. It is interesting to observe that the semi-diurnal 
pressure oscillation, deduced from the observed wind system, also increases by a 
factor of 3 between 85 and 100 km during the winter months (GREENHOW and 
NEUFELD, 1956). 
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Abstract—By means of a special sounder h’(f) curves have been obtained with an accuracy sufficient to 
determine the distribution of the ionization in the H-layer. The variation of the scale height in the 
E-region has been deduced from the shape of the layer. The diurnal variation of the ionization has 
yielded an estimate of the recombination coefficient. It is shown that there may be vertical drift effects 
comparable with the effects of recombination. The results determined from the layer shapes are compared 
with the information provided by accurate penetration-frequency measurements. 
1. INTRODUCTION 

A SERIES of measurements has been made at Cambridge to enable an accurate and 
detailed investigation to be made of the properties of the H-layer above a single 
station. Height measurements were required with an accuracy considerably 
greater than provided by routine ionospheric soundings, and a high-resolution 
sounder was constructed which made it possible to measure group heights with an 
accuracy of --1 km. 

Routine measurements of the critical (or penetration) frequency, and of the 
minimum virtual (or group) height, have shown some small differences from the 
behaviour of the maximum electron density of an ideal Chapman layer, but have 
been unable to discriminate between likely non-Chapman effects, such as vertical 
gradients of the scale height H and recombination coefficient « (see ROBINSON, 
1959). From the accurate group-height measurements it has been possible to 
determine the distribution of electrons with height below the maximum of the 
E-layer. The distribution was computed from the h’(f) records by a numerical 
method in which allowance was made for the effect of the earth’s magnetic field 
and for the retardation of the waves in passing through the D-region. The 
measured shapes of the layer enable a more detailed comparison to be made with 
CHAPMAN'S theory than has been possible with penetration-frequency measure- 
ments alone. It is possible to deduce values of the scale height at different altitudes, 
and to estimate the value of the recombination coefficient and the magnitude of 
vertical drift effects. 

Accurate measurements have also been made of the diurnal variation of the 
penetration frequency, using records taken every 5 min. These measurements have 
been analysed by well-established procedures, and the results compared with those 
obtained from the full electron distribution. 


2. APPARATUS 


In its general principles the sounder used was of conventional design, of the 
type described by NaismiTH and BaILey (1951). However, special attention was 
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paid to those points which limit the accuracy or clarity of the reflections on routine 
soundings below 4 Me/s. 

Because of the considerable absorption suffered by waves reflected from the 
E-layer, and the high level of interference at medium frequencies, the transmitter 
comprised a pulsed oscillator and power amplifier capable of delivering a 70 usec 
pulse of 20 kW peak power to the antenna (a horizontal folded-dipole 250 ft long 
on 60 ft masts). The sounder explored the frequency band 950 ke/s to 4 Me/s in 
2) min, giving the maximum sensitivity compatible with the changes of the layer 
with time. Usually soundings were made at 5 min intervals. 

The echoes were received on a separate, carefully-balanced, horizontal-folded 
dipole, with a wide band balance-to-unbalance transformer at the feed point to 
discriminate against local noise and ground-propagated interference (PIGGOT, 1955). 
The receiver intermediate-frequency response was made to decrease very rapidly 
outside the desired band 30 kc/s wide by means of frequency-selective cathode 
feedback and overcoupled tuned transformers (BRAILSFORD, 1938; STURLEY, 1947). 
This made it possible to take advantage of any clear bands between interfering 
stations. 

The diurnal change of height of the #-layer is only about 20 km in summer, and 
less in other seasons, so that an accuracy of +1 km is essential for useful height 
measurements. Lyon and Moorart (1956) have shown that with standard sounders 
errors of 5 km and more may be introduced by changes in the width of the recorded 
oscilloscope trace as the echo amplitude changes. Much greater accuracy was 
achieved here by using fast-acting (within 10 wsec) automatic gain control 
(vAN VoorHIs, 1948) to make the receiver output pulse independent of the strength 
of the echo, and by measuring always to the same point on the pulse (the centre was 
used to minimize dispersion errors). This arrangement is considerably simpler 
than the alternative of a logarithmic receiver, which Bret (1951b) has incorporated 
in an ionospheric sounder to produce records of high resolution. When a single, 
clean echo was present it was possible to measure group height to within 1 km; if 
two overlapping echoes were present this accuracy could not be attained, as 
discussed by HALLipAy (1936). 

Height calibration markers were provided at 10 km intervals, the zero errors 
due to receiver phase distortion and modulator delay being determined by a method 
similar to that described by Lyon and Moorar (1956). Frequency calibration 
marks were provided on the record at intervals of 200 ke/s, using the method of 
VAN BERKEL (1954). 

3. THE SHAPE OF THE E-LAYER 


3.1. Determination of the electron distribution 

The general methods for deducing the variation of the electron density (V) with 
height (h) have been fully discussed by Becker (1956) and Kine (1957). WHALE 
(1951) and SHINN and WHALE (1952) have shown that, because the H-layer 
penetration frequency is close to the gyro-frequency, full account must be taken 
of the effect of the earth’s magnetic field. A numerical method based on that 
described by JAcKSON (1956) was used. The computational labour required was 
greatly reduced by reading the h’(f) curve at twenty-five pre-selected values of log /, 
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so that most of the computations had to be carried out only once for each 
frequency range considered. These preliminary calculations were kindly performed 
by Mr. J. E. TirHertpee. The refractive index data were taken from the curves 
published by SHINN and WHALE (1952), assuming that the gyro-frequency was 
1-20 Me/s and that the magnetic dip was 66°41’. 

Pulses reflected from the base of the H-layer can be shown to be retarded 
appreciably in the D-region. Our knowledge of the D-region is growing rapidly 
(see WAYNICK, 1957) and information about the electron distribution and collision 
frequencies has been provided by the work of GARDNER and Pawsegy (1953), 
FEJER (1955) and by rocket flights (SEDDON, 1958). For a 1-25 Me/s pulse the 
retardation which would be suffered in passing through FrsER’s D-region is about 
3 km (up to 100 km). The retardation in the D-region can also be estimated by 
comparing the group heights of the ordinary and extraordinary reflections. This 
was done by computing the N(h) curve from an ordinary wave h’(f) curve on the 
assumption that there was no D-region, i.e. that the group heights at the lowest 
recorded frequencies were equal to the actual heights of reflection. The extra- 
ordinary wave h/’(f) curve corresponding to this distribution was computed, and 
found to lie about 5km below the observed extraordinary wave trace. This 
difference is due to the unrealistic truncating of the ordinary h’(f) curve, the layer 
computed in this case being thinner than the true layer. An extension of the 
ordinary h’(f) curve using data from |.f. and v.1.f. measurements greatly modified 
the lower part of the N(h) curve, and led to much better agreement between the 
computed and observed extraordinary wave h’(f) curves. 

The lack of adequate experimental data about the D-region thus presents a 
serious problem for the computation of H-layer N(h) curves. The extraordinary 
wave reflections could not be observed at all times of day in Cambridge and other 
means of allowing for the retardation had to be devised. It was found that the 
following approximation gave results which agreed to within the experimental 
errors with the checks provided by the extraordinary reflections: 

(i) The base of the ionosphere was assumed to be the same as the “phase 
height”’ of reflection of the 16 ke/s wave received at Cambridge from GBR (Rugby). 
This “phase height’? was measured continuously by the methods described by 
BRACEWELL et al. (1951). 

(ii) From this level the electron density was assumed to increase exponentially 
till it reached the critical density for a wave of frequency 1-2 Mc/s. The scale height 
of this exponential was calculated to make the group height for a 1-2 Mc/s wave 
equal to the measured group height (or that extrapolated from a slightly higher 
frequency when interference obscured the echo on 1-2 Me/s.) This calculation is 
described in the Appendix. 


3.2. Diurnal variation of the electron distribution 


On many days the #-region h’(f) curves did not have a simple shape, but were 
disturbed by scattering or E£,, or showed sudden discontinuities which made it 
impossible to deduce a reliable N(h) curve. The work described in this paper is 
restricted to those days when the reflections were clearly defined and showed no 
sudden discontinuities at frequencies below the penetration frequency. About 
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10 per cent of the records fell into this class. The more complex reflections are 


discussed elsewhere (ROBINSON, 1960). 

In Fig. 1 are shown N(h) curves computed for parts of a summer day and a 
spring day when the h’(f) curves were clearly defined. (In one year of recording 
there was no occasion when a complete day could be analysed.) The layer is seen to 
follow the sun’s elevation in a fairly regular fashion. In summer the retardation is 


usually limited by an “abnormal £-stratum’’, and the dashed portion of some of 
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Fig. 1. Variation of the shape of the E-layer on a summer and a spring day at Cambridge 
(latitude 52°N). 
the curves shows the distribution when the analysis was extended onto the falling 
portion of the h’(f) curve. 

3.2.1. Comparison with ideal Chapman layer. In Fig. 1(a) the dotted curve is 
that computed for a Chapman layer in equilibrium with scale height H = 7-5 km, 
with N,,, fitted to the measured value at 0807GMT. This curve corresponds 
adequately to the experimental curve and, by making use of the standard 
expressions of CHAPMAN, it can be shown that it would correspond to a height (A ) 
of the peak for overhead sun of 108 km. With this simple comparison of shapes it 
is difficult to allow for recombination and for changes of H or « with height, and a 
more detailed comparison with CHAPMAN’S theory will be attempted below. 

On the equilibrium approximation the height h,, of the maximum of a Chapman 
layer is given by (CHAPMAN, 1931): 


hm hy + H.In [Ch(yz)] (1) 
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where hy is the height of maximum ionization when the sun is overhead, and Ch(y) 
is Chapman’s grazing incidence integral (CHAPMAN, 1931; WutKeEs, 1954). In 
Figs. 2(a) and (b) the heights of the maxima in Fig. 1 are plotted against In 
[Ch(z)]. The height of the maximum changes in an approximately Chapman 
fashion, and the slope of a line through the points gives another estimate of the 
value of H. The dashed lines in the figures show the equilibrium variations for a 
Chapman layer with H = 7-5 km and 8-5 km, respectively. We see that there is 
no sign of a marked recombination lag. The height found for the maximum is not 


km 




















Height of maximum, 




















F 
5 
€ 
x 
o 
& 
7 
= 
& 
® 
Bs 








Ch (650,71) 


Fig. 2. Dependence of the level of maximum ionization on solar elevation. The dashed 
lines show the equilibrium behaviour of a Chapman layer. 


very reliable, for the errors of measurement are greatest when the echo is greatly 
retarded and absorbed; or there can be an ‘‘abnormal”’ stratum which makes the 
penetration of the layer incomplete. Thus the values of h,, provide only approxi- 
mate values for H and hy. 

GRACE (1951) found that when h’(f) curves measured in Pennsylvania were 
analysed by the method of KELSo (1952) (neglecting the magnetic field) the height 
of the maximum remained at a “relatively constant level” for most of the day. The 
present measurements do not support this observation, and it is difficult to explain 
the difference. It is unlikely to be due to the fact that Grace did not allow for the 
earth’s magnetic field; nor is it likely to result from the allowance for D-region 
retardation in the Cambridge analysis (important only at frequencies well below 
the penetration frequency, as shown in the Appendix). The difference probably 
arises in the measurement of the h’(f) curves; in GRACE’S manual measurements, 
at 100 ke/s intervals, it would have been more difficult to recognize disturbances 


of the h’(f) curve. 
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The most detailed, and straightforward, comparison with CHAPMAN’s theory 
can be made by comparing the variation of N with time at a constant height with 
the computed equilibrium variation. At a constant altitude we have the continuity 
equation (neglecting drift effects for the present): 

oN 
at 


where g, is the maximum rate of electron production for y = 0 andz = (h — hy)/H. 


= J . exp [1 — z —Ch(xz).e-*] — aN? (2) 
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Fig. 3. Variation of H-layer ionization with time at a constant height: — 

equilibrium variation for a Chapman layer with z = 0-4 in (a), 0-15 in (b); 

equilibrium variation for a layer in an atmosphere with dH/dh = 0.2, for (a) € 
(b) C= 0:28. 


In Fig. 3(a) the variation of N at a height of 111 km on 18 June 1956 is shown. To 
compare the curve with equation (2) we must find values for the three parameters 
qo. 2 and «. We can estimate the value of z and q,/« from the later curves in Fig. 1, 
which should be close to equilibrium. Comparison of the shape of the later curves 
with Chapman equilibrium curves gives an estimate of H and hy, and so of z; at 
111 km the value of z found in this way is near 0-4. The dashed line in Fig. 3(a) 
shows the equilibrium variation for z = 0-4 with q,/« chosen to fit the experimental 
point at 0845 GMT. The variation of N is seen to be reasonably similar to the 
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shape of the Chapman curve. Thus the loss process is sure to be one of recombina- 
tion, and from the time lag between the measured and calculated curves we can 
estimate that the recombination coefficient is about 1-2 « 10-8 em*sec-!. Fig. 3(b) 
shows a similar comparison for 27 March 1957; the recombination lag appears to 
be smaller, corresponding to « = 2-3 x 10-8 em? sec-!. 

We see from these two examples that the recombination lag is not much 
greater than the experimental uncertainties. Also a small uncertainty in the value 
of z is found to lead to a large uncertainty in the value found for «.* But the 
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Fig. 4. Variation of Chapman’s parameter z = (h — h,)/H with altitude. 


measurements are not accurate enough to enable us to deduce a unique pair of 
values of z and « from N(t) curves alone, and the simple method of comparison 
described will lead to errors if the scale height varies with altitude. 

The most probable value of z at any height can be found from a comparison 
of the shape of the N(h) curves at different times, for we have seen that only far 
from noon do recombination effects become measurable. A method was adopted 
for a direct determination of z, based on putting 0N/ét = 0 in equation (2) and 
differentiating with respect to z, then: 


3) 


. il 
7 N° On 


e-* = cos 7 (1 


Thus from the slope of the N(h) curves we can find the values of z at different 
heights. A value of the scale height must first be assumed, as from a simple 
comparison of shapes or from the variation of h,, with Ch(x), to compute 0N/dz. 
If the values of z are found at different levels the assumed H can be corrected, and 
the values of z redetermined. The calculations are simple, and the successive 
approximations for H converge rapidly. 

In Fig. 4(a) the values of z determined from the later NV(h) curves of Fig. 1(a) 
are shown. The scale height (dh/dz) near 111 km is about 7-5 km and, although 
there is quite a scatter of the points about the mean line, the most probable value 
of z at 111 km is 0-4. The values of z deduced from the midday curves on 27 March 
1957 are shown in Fig. 4(b). 

For other summer and spring days the results were very similar to the examples 
discussed above. In Fig. 5(a) the crosses show the values of z determined from the 


* In Fig. 3 (a) a change in z from 0-4 to 0-35 increases the estimate of « from 1-2 x 10-§to 1-5 x 10-8, 
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N(h) curves for 6 days. The scatter in the points is due mainly to errors in the 
measured group heights (-+-1 km under most conditions); there is also likely to be 
some spread introduced by tidal effects, and by departures of the detailed shape 
of the layer from a simple Chapman profile. On all days the N(¢) curves were 
similar in shape to Chapman curves; the values of «, corresponding to the values 























0:5 ine) 5 
Yo 


Fig. 5. (a) Values of Chapman’s parameter z for summer and spring days. (b) Values of 

z for winter and autumn days. (c) Mean values of the modified parameter when dH/dh is 

assumed to be 0-2. Continuous line is theoretical curve for Hy = 7 km at 107-5 km and 
dH /dh = 0-2. 


of z deduced from equation (3), were found to range from 0-8 x 10°° to 
2:3 x 10-8 cm? sec-!. 

In autumn and winter the behaviour was found to be far less regular. In 
winter in particular the h’(f) curves had a more complex shape, and the values of z 
were scattered more widely for the individual days. The results for 4 days are 
shown in Fig. 5(b). The winter V(t) curves departed somewhat from the Chapman 
shape. The scatter in the measured V(t) points and the greater uncertainties as to 
the values of z made it impossible to make a useful estimate of the recombination 
coefficient. 

3.2.3 The above comparison with the 


999 





Diurnal variation of the electron distribution in the ionospheric H-layer 


ideal Chapman theory has shown a moderate agreement and indicated that time- 
delays due to recombination are very small. But when a more detailed comparison 
is made definite departures from Chapman behaviour are found. The most 
striking is that the values of z determined from equation (3) do not increase 
linearly with height. Also, over the limited height range for which prolonged N(t) 
curves could be drawn, the values found for « tended to be smaller at the greater 
heights. However, no comparable change was found in the values of (q)/x) deduced 
from the midday points, or from the penetration-frequency measurements discussed 
in Section 4.2. 

It is most likely that in the #-region both the scale height and recombination 
coefficient vary with altitude, and that the electron distribution is modified by 
drift effects (see RoBrnson, 1959). A complete description of the behaviour of the 
layer in such circumstances may require up to seven parameters. In view of the 
limited experimental accuracy we shall not attempt to include all possible 
variations or try to deduce these seven parameters. We can, however, set limits to 
the magnitudes of the height gradients of H and «, and the effect of drifts. 

Scale height. Let us first consider the effect of a gradient of scale height within 
the H-region. If « were constant and drift were small the measurements plotted in 
Fig. 5(a) would indicate an increase of scale height with altitude. Direct measure- 
ments of H using rockets (Horowitz and LaGow, 1957) have shown that H 
certainly increases with height. In an atmosphere where H is not constant the 
production of electrons will not follow the simple Chapman expression used earlier 
for the determination of z. NrcoLet and Bossy (1949), GLEDHILL and SzZENDREI 
(1950), and others have shown that for the case of a linear increase of H with height 
the production function has the form: 


q=%.-exp{(1 + dH/dh) [1 — 6 —e*. Ch(z)]} (4) 


where ¢ is defined by pH = p,. Hy. e-‘, py and H, being the density and scale height 


at the level where ¢ is taken to be zero. Equation (3) then becomes: 


ae a oe : 
e-* ~ cos x7} 1 + N(1 + dH/dh) 0¢ (5) 


The values of f have been computed from the measurements for various assumed 
values of dH/dh. At any level the value of ¢ from (5) is slightly greater than the 
value of z from (3), the increase being greatest below the level € = 0. In Fig. 5(e) 
are shown the mean values of ¢ found when dH/dh was set equal to 0-2. The 
continuous line on the figure is a theoretical curve for the case where dH/dh = 0-2 
and H, = 7 km at 107-5 km. The values of ¢ are seen to lie very close to this curve. 

In Table 1 the values of H determined from the mean points in Fig. 5(c) are 
compared with the scale heights determined directly by rocket measurements 
(Horowitz and LaGow, 1957) and from observations of meteor trails (KAISER and 
Evans, 1955). Although we have ignored any gradient of « and any drift effects, 
the H-layer measurements are seen to be in fair agreement with the rocket measure- 
ments, the value at the lowest height appearing to be somewhat smaller. At the 
lower levels the retardation in the D-region has its greatest effect, and if we have 
underestimated this retardation the lower parts of the V(2) curves would be too 
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flat. More extensive measurements of the extraordinary h’(f) curves than those 
used here would provide a valuable check on the amount of retardation which 
occurs. 

Recombination coefficient. If there is a gradient of scale height the production 
function given by equation (4) should be used in comparing the measured N(t) 
curves with calculated equilibrium curves. Equilibrium curves based on (4) have 


Table 1. Scale heights in the H-region 





E-Layer Rocket Meteor 
observations* measurementst observations? 


(xm) (km) (km) (km) 


Altitude 


‘0 
3 
5 


100 
102:; 
105 
107:°4 
110 
112: 
115 
117-2 
120 


or ve 


ADTAAYI_A HD 





All values + 0-5 km 
+ Horowitz and LaGow (1957). 
* Kaiser and Evans (1955). 


been computed with the values of ¢ from (5) and with dH/dh = 0-2. As shown in 
Figs. 3(a) and (b) the modified equilibrium curves lie closer to the morning 
measurements and further below the afternoon measurements than when H is 
taken constant. The values found for «, which spread over a range of 2: 1 at 
different times on the same day, are listed in order of increasing altitude in Table 2. 
For comparison the values found when H is taken constant are also given. 

The mean value found for « when dH/dh = 0-2 is (2-0 + 0-5) x 10-8 em? sec™}, 
that when H is constant is (1-5 + 0-5) x 10-8. In each case it appears that « 
might decrease with height, the rate of decrease being the same for each assumption 
about H. However, because of the limited number of measurements and the great 
uncertainty in the individual values of «, little significance is attached to this 
apparent variation of « with height. Recombination effects are so small that drifts 
or other disturbances in the region could greatly modify the apparent «. 

GRACE (1951) has determined the values of « from N(h) curves for Pennsylvania, 
using a direct extension of the method suggested by APPLETON (1937). GRACE 
also found that « decreased with altitude, and his measurements for a spring day 
are shown in the third column of Table 2. They decrease more rapidly with height 
than is the case for the present measurements. 

The non-constancy of the values of « found from the Cambridge measurements 
reduces the certainty of the scale-height determinations. But till more reliable 
estimates of any gradient of x can be made it would not be fruitful to recompute 
the values of H. An increase in « at the lower levels would flatten the base of the 
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layer and this could well account for the difference between the value found for H 
at 105 km and the rocket value. A limit to the gradient of « could be set from a 
comparison of the mean values in the H- and Fl-layers (Minnis, 1956b). Another 
estimate of the gradient will be made in Section 4.2. 

Estimate of drift effects. Analysis of routine values of f,H has lead to results 
which suggest that vertical transport of electrons is important in the E-region 


Table 2. Estimates of recombination coefficient 





Recombination coefficient 


2m gael y —8 
Altitude (em* sec? x 10-8) 


(km) 


Cambridge | Cambridge | GRACE 
dH/dh = 0 dH/dh = 0-2, (1951) 


108 2- . 1-7 
108 

109-; 

110 

111 

111 

111 

112 

115 

115 





(APPLETON ef al., 1955; BEYNON and Brown, 1956; SHIMAZAKI, 1957, 1958). Our 
interest here is that drift effects are likely to modify our estimates of « and, to a 
lesser extent, of H. 

On any one day the values found for « were not independent of time, although 
there appeared to be no regular dependence of « on ¢. It is of interest to see how a 
constant drift velocity, for example, would modify the values of «. In the presence 
of a constant vertical drift velocity w the continuity equation becomes: 


1N 


so that measurements of NV, dN /dt and 0N/dh allow « and w to be determined from 
the computed equilibrium values of g/x. It was found to be possible to describe the 
time variation of N at a constant height with fixed values of « and w. In the six 
cases examined the drift term w . 0N/0h was found to be of the same magnitude as 
the term dN /dt, so that the inclusion of drift could change the value found for « 
by a factor of 2. The numerical values of w determined from equation (6) ranged 
from +3 m/sec to —5 m/sec. 

It can be shown that a constant vertical drift of the order of 5 m/sec has 
negligible effect on the shape of the layer and so on the scale heights. In Fig. 6 is 
shown the measured N(h) curve at 0847 GMT on 18 June 1956, and a curve 
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corrected for a drift w = 5 m/sec, using equation (6) with dN/dt = 0 and with « 
taken to be 2 x 10-8 cm sec~!. The change introduced by the drift correction 
would only modify the values of € by an amount of the same order as the experi- 
mental uncertainties. A positive drift, as in the case shown, would slightly increase 
the measured scale heights, while a negative drift would decrease them. 

We thus conclude that there are likely to be drift effects in the H-region which 


are comparable with the effects of recombination. Both are little greater than the 














Electron density, 107 crv 


Fig. 6. Measured layer profile (continuous line) and modification (dashed line) by a constant 
vertical drift of 5 m/sec, assuming « = 2 x 10-8 em sec. 


experimental errors in the present investigation and so their numerical values are 
not reliably known. It appears that drift effects of the order of magnitude found 
will not greatly modify the shape of the layer, and so are not expected to change 
the values found for the scale heights. No attempt has been made here to include 
a gradient of drift velocity. It can be shown that in some circumstances a velocity 
gradient will greatly distort the layer (ROBINSON, 1960). 


4. AccURATE MEASUREMENTS OF THE PENETRATION FREQUENCY 

The determination of N(h) curves has been seen to yield valuable information 
about the #-layer, but considerable labour is required to compute each curve. Also 
disturbances of the h’(f) curve, such as are caused by E,, made it impossible to 
deduce the N(h) curve with adequate accuracy on about 90 per cent of the records; 
but on many of these the penetration frequency could be measured without 
difficulty. We shall now discuss what information can be gained directly from the 
h'(f) curves, particularly from determinations of the penetration frequency. 

The identification of the true penetration frequency is sometimes very difficult 
(see Ropinson, 1960), and the measurements reported here were confined to those 
cases where the penetration could be identified unambiguously and where no 
extrapolation or interpolation was required. 


4.1. Day-to-day variations 

The difficulty of identifying the penetration leaves some doubt as te how great 
are the day-to-day variations of the maximum electron density of the normal 
E-layer. To investigate this point the Cambridge records were examined for several 
periods during the spring of 1957 when a simple penetration was observed on most 
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days. The measurements were made from records taken within 2 or 3 min of times 
giving the same solar elevation. From 15 February to 1 April the maximum 
variation of the penetration frequency was found to be +24 per cent. From 13 
April to 11 May the maximum variation was +3 per cent. 

The scatter in these cases, where the penetration is clear, is less than half that 
found by Brex (1951a) and Rawer and ARGENCE (1953) when all types of records 
were considered. It is considerably less than that in the daily values of the routine 
hourly measurements published by ionospheric observatories. The variation found 
here for clear penetrations is of the same order as that found by MINNIS (1956a, 
1957) when the average value of f)# . sec!/ny was computed from the routine hourly 
measurements for each day. We are thus led to see what information can be 
gained from accurate penetration frequency measurements throughout a single day. 


4.2. Diurnal variation of the penetration frequency 

Measurements were made of the penetration frequency for the ordinary ray on 
those days when the reflections were clear and showed no marked complications. 
Records were taken at 5 min intervals throughout the day, and measured to an 
accuracy of 25 ke/s. Examples of the variations found are shown in Fig. 7. Very 
few of the measured points lay more than 50 ke/s away from smooth curves drawn 
through them, showing that the diurnal variation is particularly uniform. There 
is a very flat maximum near noon, but because of the spread in the measurements 
there is an uncertainty of about 10 min in finding the time of maximum ionization. 
The centre of symmetry of the diurnal variation can be determined much more 
accurately. For the 5 months December 1956 to April 1957 the centres of symmetry 
of the curves lay within +3 min of apparent noon. 

For the equilibrium approximation to CHAPMAN’s (1931) theory of layer 
formation, the variation of the penetration frequency (ordinary ray) is described by: 

7m 

a oS ee, ge * cos 4. (7) 
The curves corresponding to (7) are shown by the dashed lines in Fig. 7, being fitted 
to the experimental points at noon. For most of the days studied the measurements 
lay within 100 ke/s of the dashed curve, being closer in the afternoon than in the 
morning. This indicates that the quantity (q)/«) does not vary markedly through- 
out the day, and confirms that the measurements discussed in Section 3.2.2 do not 
give the variation of the actual recombination coefficient with height. 

A great number of workers have shown (see Rosprnson, 1959) that the monthly 
median values of penetration frequency published by the ionospheric observatories 
fit the empirical expression f, < cos'/* y better than equation (7). All the measure- 
ments at Cambridge tended to lie between the curves given by the theoretical and 
empirical expressions. The measurements for individual days (mean of points 
equally spaced from apparent noon) were in good agreement with the expression 
fy & cos®?* y which HaRNISMACHER (1950) has deduced from monthly median 
routine data for stations near the latitude of Cambridge. The departure of the 
exponent in these expressions from the Chapman value can be easily accounted for 
by a variation of the scale height or recombination coefficient with altitude. 
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However, observation of the penetration frequency alone does not enable any 
distinction between these two cases to be made. 

If H varies linearly with altitude the production function is given by equation 
(4); if « remains constant the equilibrium variation then has the form: 


N rae gS +dH/dh) x. (8) 


a= 


co 


t, \ 1/2 
wo)" 
\ 


The measured variation f, 0 cos®?’* 7 would thus correspond to a value of dH/dh 
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Fig. 7. Diurnal variation of E-layer penetration frequency at Cambridge: —-——— 
equilibrium curve for Chapman layer, fy «< cos!/4 7; —-—-— empirical expression 
Fo: cost. 


of 0-14. The value determined from the layer shapes when « was assumed constant 
was 0-20. The difference here may be accounted for by the presence of a gradient 
of x. If «decreased with altitude the exponent in fy 0 cos" 7 would be reduced. The 
effect on the determination of ¢ from equation (5) would be that 0N/0¢ would be 
increased; this would have most effect on the value found for ¢ when dN/0¢ was 
large, and would thus lead to a reduction in the values of ¢ determined from the 
lower part of the layer—giving a larger apparent gradient for H. If the true 
gradient of H lies between the values found by the two methods, the measured 
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values would indicate a decrease in « by about 3 per cent scale height. A variation 
of this order could easily be accounted for by a change of temperature with height. 
A temperature gradient must be present to account for the magnitude of the scale 
height gradient. 

The penetration frequency measurements on individual clear days show a high 
degree of symmetry about noon. HARNISMACHER (1950, 1955) has found a com- 
parable degree of symmetry in monthly median data. The symmetry implies a 
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Fig. 8. Values of the effective recombination coffiecient «’ determined from Fig. 7. 


rapid recombination so that the ionization follows the production function with 
little time lag. Ifa time lag can be measured it is possible to estimate the value of «. 
APPLETON (1937) has shown that « can be estimated from the difference between 
the ionization at times in the morning and afternoon giving the same values of 7. 
If morning values are given the subscript 1, afternoon values the subscript 2, the 
apparent « is 


/ 


a 


dN ,/dt —dN,/dt 


V2—N 


(9) 


In Fig. 8 are shown the values of «’ determined from the measurements in Fig. 7. 
Very close to noon no useful estimate of «’ can be made because of the errors 
involved in determining the denominator of equation (9) when V, ~ N,. On all 
the winter and spring days studied the values of «’ were reasonably constant from 
3 to 4hr from noon, being somewhat less than 1 « 10-8 cm*sec~!. Farther from 
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noon the values of «’ rose sharply. Instead of V, and N, separating steadily away 
from noon they tended to come closer together about 4 hr from noon; farther still 
from noon the afternoon value of N,,,, fell below the morning value. The increase in 
the value of «’ for times far from noon has been noted in monthly median data by 
SEATON (1948) and APPLETON (1955). The more frequent and accurate measure- 
ments on clear days have revealed that «’ is comparatively constant for the central 
part of the day, and that ultimately the afternoon penetration frequencies become 
less than the morning values. 

The values found for «’ over the middle part of the day are smaller than the 
values of « determined in Section 3, or those deduced from eclipse observations 
(PippineTon, 1951; Minnis, 1956a). Both the N(h) measurements and the 
dependence of ,, on cos v show that the actual recombination coefficient does not 
vary in the way shown in Fig. 8. The negative values of «’ show that it does not 
provide a reliable estimate of the real «. The negative values could betray a drift 
effect. APPLETON and Lyon (1955) show that at the maximum of a layer a drift 
produces a change: 

i: 
ie 


dwiah 1 |{ w \2 
“a aes : 


ee (10) 
9 T 
m 2a m 
The observed difference between morning and afternoon values of N,, requires a 
change in the value of w of from 5 to 10 m/sec if 0w/dh is zero. It should be noted 
that a simple reversal of the sign of w will not produce a differential effect unless 


there is also a gradient of velocity. 


4.3. Seasonal anomaly 


At Slough Beynon (1955) has found that the variation of fH as 7 changes with 
the season is accurately described by the Chapman expression (7). The diurnal 
variation of f,# observed at Slough and Cambridge is, however, different. 

In an attempt to understand the different dependence on cos y N(h) curves 
were computed for twenty-four clear days during the year, at times giving the 
same value of 7. From these curves the scale heights were determined. For the 
summer months the average value of H was 7:8 + 0:3 km; for the winter months 
the value was 7-2 + 0-5 km. The smaller value of the scale height in winter could 
explain the difference between the seasonal and diurnal variation of N,,, with cos 7. 
The winter values of the scale height are not very certain, mainly because the 
occurrence of #, and greater interference made it difficult to obtain accurate 
measurements in winter. Some support for a drop in H-region temperatures in 
winter is provided by recent rocket flights at Churchill (59°N) (LAGow et al., 1958). 


5. CONCLUSION 


From accurately-measured h’(f) curves it was possible to deduce the distribution 
of electrons in the H-layer with moderate accuracy. From the distribution it is 
possible to obtain information about the properties of the #-layer which cannot be 
obtained from the most careful penetration-frequency measurements. 

To a first approximation the diurnal behaviour of the layer is in agreement with 
Chapman theory. The height of the maximum follows the changes in the elevation 
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of the sun during the day, contrary to the result reported by Grace (1951). A 
detailed comparison of the measurements with Chapman theory showed that, if the 
recombination coefficient were constant, the scale height must increase with 
altitude. Comparison with accurate penetration-frequency measurements showed 
that the recombination coefficient could not vary by more than a few per cent in a 
scale height. The scale heights determined from the layer shapes agree closely with 
rocket measurements. The magnitude of the recombination coefficient was 
estimated from the variation of the layer shape with time. The recombination lag 
could be measured only in spring and summer, the mean value of the recombination 
coefficient in these seasons being (2-0 + 0-5) x 10-8§em*sec~!. Owing to the 
limited experimental accuracy the variation of the recombination coefficient with 
height is very uncertain. It is found that there may be drift effects in the #-region 
which are comparable with the effects of recombination, the drift velocities being 
of the order of 5 m/s. 
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APPENDIX 


Group Retardation in an Exponential Layer 


If the electron density N increases exponentially from its value NV, at a height 
h,, we have: 
f . h—h, 
N = N, .exp|——— 
SS 


where the parameter H is a “‘scale height”’ for the distribution. Then 
h—h, = H.\n(N/Nj) (1) 


The group retardation suffered by a wave of frequency f between the level h, 
and its level of reflection is: 


“hr 
h’ —h,’ | wu’. dh 
hy 
and since, from (1), dh/H = dN/N, 
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equations (1) and (3) then give: 
In(N ,/N 
h—h, = (Vel DoW hh") (4) 
I(x) 

We can apply equation (4) to fit an exponential tail to the H-layer measure- 
ments, as discussed in Section 3.1. If NV, is taken to be 241 per cm? (corresponding 
to the reflection of 16 ke/s), we know that for a wave of frequency 1-2 Me/s, hy’ = h, 
and h, will be approximately equal to the “phase height”’ for 16 ke/s. Then a 
measurement of h, and of the group height h’ on 1-2 Mc/s enables us to determine 
the true height of reflection on 1-2 Me/s, for: 


; In(A r/A v) 
(2) 
For the frequencies concerned, In (Vp/N,) = 4:31, and the value of [(2,), found 

by graphical integration (using the values of «’ given by SHinn and WHALE, 1952), 

is 4-66. With these: 


h=h, + . (h’ — hy) 


h =h, + 0-925 (h’ —h,) (5) 


The point (h, NV) is then a starting point for the determination of the electron 
distribution from the rest of the observed h’(f) curve. 

It is seen from equation (5) that an error of 5 km in determining h, produces a 
change in A of only 0-4km. Thus the assumption that h, is given by the “‘phase 
height’ on 16 ke/s is unlikely to introduce a significant error in our determination 


of h. 
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Abstract—In the F-region of the ionosphere, the electron density is controlled by the production of 
ionization by solar radiation, loss by recombination, and transport of ionization by electromagnetic 
drift movements and plasma diffusion. This paper is especially concerned with the factors which govern 
the F'2-peak of electron density. 

An electronic computer has been used to solve the relevant equations for conditions of equilibrium, 
such as may be approached in the day-time F-region. From the numerous examples considered, it is 
deduced that the maximum electron density, and the height at which it occurs, are such that the magni- 
tudes of the production, loss and diffusion processes are approximately equal. The modifications pro- 
duced by vertical electromagnetic drifts are discussed. 

Most of the work relates to the simple case of an isothermal atmosphere, but the conclusions derived 
are found to be substantially true for a few more general models which have been considered. 


1. INTRODUCTION 


THE density of ionization in the F'2-layer of the ionosphere is known to be controlled 
by several processes, which may be listed as production, loss, vertical movement 
and ambipolar or plasma diffusion. The investigation described in this paper 
aims to show how the interplay of these processes determines the height distribu- 
tion of ionization and, in particular, the situation of the peak of electron density. 

For this purpose, only equilibrium conditions are considered. This is justified 
on the grounds that in temperate latitudes the F-region is in a state of quasi- 
equilibrium during most of the day: the rate of change of electron density is 
considerably smaller than the other terms in the equation of continuity, so that 
it is permissible as an approximation to neglect it. 

It is now generally accepted that the F/J- and F2-layers are formed by the 
same ionizing radiations, which give rise to a maximum of production in the F1- 
layer: the upward increase of electron density above this level is then supposed 
to result from a decrease of the loss coefficient. This hypothesis, due to BRADBURY 
(1938), does not of itself account for the /2-peak of electron density*, and it was 
suggested by YonEzAwa (1955) and Rarcuirre et al. (1956) that diffusion is 
responsible for the formation of this peak. 

The behaviour of the /2-layer at night, under the influence of loss processes, 
diffusion and vertical movement, was discussed by Martyn (1956) and Duncan 
(1956). The more complicated day-time situation, which includes the production 
of ionization by solar radiation, was considered by YONEZAWA (1958), who solved 
the relevant equations for a particular model atmosphere which led to solutions 
in terms of analytic functions. His calculations are important in showing that a 


* A peak might be formed at a level where the gradient of the loss coefficient becomes small. This 
will occur where the rate of direct radiative recombination of electrons and O*+ ions exceeds that of the 
two-stage mechanism important at lower levels; but this is thought to occur well above the height of 
the F2-peak. 
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peak is formed by the action of diffusion, but do not reveal any general relation- 
ships between the parameters which determine the position and magnitude of the 
peak. 

The equations relating to more general cases do not seem to be soluble in 
terms of analytic functions, but can be integrated numerically with a digital 
computer. In the investigation here described, the EDSAC 2 machine at the 
University Mathematical Laboratory, Cambridge, has been used to determine 
electron distributions for a series of model atmospheres. 

The basic formulae required for this analysis are introduced in the next section. 
They are first stated in a general form, suitable for use with empirically-determined 
models of the atmosphere, but can be greatly simplified if certain assumptions 
are made. Most of the work refers to the special case of an isothermal atmosphere, 
but in Section 4.3 the more general equations are applied to an atmospheric 
model which was computed by Dr. K. WErExkEs from rocket and satellite data. 

The principal conclusions obtained from the work are summarized in Section 6. 
They do not seem to depend upon the particular atmospheric models employed, 
and may be applied to the conditions existing in the actual ionosphere. Detailed 
discussion will not, however, be attempted in this paper. 


2. FORMULATION OF THE EQUATIONS 
For conditions of equilibrium the well-known equation of continuity of electron 


density NV may be written: 
q—BN —M=0 (1) 


in which qg and f represent the production rate and loss coefficient, and M the 
effect of transport of ionization. Only vertical movements are considered, so 
that M is given by: 


d 
= Th N(w + wp). (2) 


Here, w is the upward component of the drift velocity due to electromagnetic 
motions, and is assumed independent of height; and w, is the vertical component 
due to plasma diffusion. Motions due to thermal expansion and contraction of 
the atmosphere are excluded by the assumption of equilibrium. 

It is convenient to measure altitude / from a reference level hy, in terms of a 
co-ordinate z whose unit is the scale height H of the ionizable constituent of the 


atmosphere, so that 
[ * dh 
z= —-. (3) 


Jno H 


In subsequent work, the scale height will on occasion be assumed to possess 
a constant gradient, defined as y = dH/dh. More often, this gradient will be 
assumed to be zero, as in an atmosphere of uniform temperature and composition, 
so that 
h—h, 
woemer Ei (4) 
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Throughout this paper, the level A, is taken to be that of maximum production 
for overhead sun, and is denoted by the suffix 0: the suffix m is used to refer to 
the level of the electron peak. 


2.1 Production and loss processes 
The production function for monochromatic radiation acting on a single 
ionizable constituent, of which the concentration is n and ionization cross-section 


A, is 
q =8S,,An exp (—nAH sec x) (5) 


where S,, is proportional to the flux of solar radiation incident at zenith angle 7 
at the top of a plane, horizontally-stratified atmosphere. Provided A does not 
vary too rapidly with wavelength, the equation may be applied to ionization by 
a finite band of wavelengths. When 7 = 0, the peak of production occurs at the 
level hy, at which is satisfied the relation 


(6) 


dH 
noAH, =1 + (5 ) ; 
0 


dh 
If the gradient dH/dh = y is independent of height, then n oc exp[—z(1 + y)], 
and equation (5) reduces to the form (NICOLET, 1951): 


q = qd exp [(1 + y)(1 — z — exp (—z) sec x)] 


which if y = 0 is the familiar function derived by CHAPMAN (1931). 

In accordance with present-day ideas, the ionizable constituent in the F-region 
is supposed to be atomic oxygen, O. Part of the ionizing radiation is absorbed 
by molecular nitrogen, but the resulting N,* ions decay rapidly by dissociative 
recombination and do not contribute to the observed ionization. The O* ions 
are lost by a two-stage process involving the formation and subsequent dissociative 
recombination of molecuJar ions: the molecular gas participating in this process 
may be either N, or O,. It is probable that the rate of loss in the F2-layer is 
proportional to the electron density .V, the coefficient 6 depending on the concen- 
tration n(.V) of the molecular gases, so that 


B = Kn(M). (8) 


This equation leads to a useful formula if the rate coefficient K is assumed inde- 
pendent of temperature and the scale height gradient is constant. If the scale 
heights of the molecular gases and of the ionizable constituent are in the ratio 
Ll: k, then 

B = By exp[—2(k + y)]. (9) 


If atomic oxygen and the molecular gases are fully mixed in the ionosphere 
then & = 1 in equation (9), but if there is diffusive equilibrium k = 1-75 for N, 
or 2 for O,. If the situation is part way between mixing and complete separation 
intermediate values of k may be appropriate. The ‘‘effective’ value of k may be 
modified by temperature dependence of the rate coefficient K. 
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In the lower F-region, the two-stage process gives rise to a non-linear loss 
function which may be written as 
Kn(M)aN? 


— ~ (10) 
Kn(M) +aN 


UN) 
(RatTcuLirFE, 1956). There is a transition from the PN loss law of the F2-region 
to the «N? law applicable in FJ, which occurs at the level where Kn(M) ~ aN. 


Although most of the work described in this paper is concerned with the linear 
law, the formula (10) is used in one instance in Section 4.3. 


2.2. Plasma diffusion 

The mathematical formulae relating to plasma diffusion in the ionosphere 
are based on the equation for the relative velocity of diffusion of a binary gas 
mixture (CHAPMAN and Cow Lina, 1952): for a horizontally-stratified atmosphere 
this is 


ce 
7“ np p oh 


ee Fy 4 |. (11) 
Pp 

Here, the symbols p, p, n and m denote pressure, density, concentration or number 
density, and molecular mass, respectively: with suffixes, they refer to one con- 
stituent gas; and without suffixes, to the gas as a whole. 7' denotes temperature, 
and F the force per unit mass due to external causes. For gravity, Ff, — F, 
vanishes; and although electromagnetic forces would contribute to equation (11), 
they are in this paper treated separately, and give rise to a vertical velocity w 
which is distinct from that due to diffusion (cf. equation (2)). 

In the present context, one constituent is the plasma and the coefficient D,, 
is the ambipolar diffusion coefficient D(h). The number density N of the plasma 
is small compared to that of the neutral atmosphere (n); and the last term of 
equation (11), representing thermal diffusion, is generally neglected. Under these 
circumstances, the left-hand side of equation (11) is the plasma diffusion velocity, 
Wp, and the equation becomes (SHIMAZAKI, 1957): 


1dN 14¢dT z 


—Wp = Dh w | + ++ 12 
. yah | Pan tH — 
In this equation yw is the ratio of the mean molecular weights of the plasma and 
the ionized gas: if the two are chemically the same, then u = }. The coefficient 
D is given approximately by: 
b/T 
V ~ gin? J (13) 
n 


D = 


where / is the angle of dip of the earth’s magnetic field. 
A useful quantity is the diffusion rate, defined as d = D/H*, which has the 
dimension of (time)~!, the same as that of /. 
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The contribution M, of diffusion to the term M in the continuity equation 
may be derived by combining equations (2), (12) and (13). The equations for the 
most general case are complicated, but are simplified if the scale height gradient 
and the composition are independent of height, so that y and mu are constant. In 
this case (H/H,) = (T/T) = exp (yz) and (n/n,) = exp [—z(1 + y)] and so 
d(z) = dy exp [2(1 — 4y)]. (14) 

The contribution of diffusion to the movement term in equation (1) is then: 
d?N aN : i 
Mp = ae| + (¢+ ) 4 ~ by | (15) 


~ 


o=y+tp (16) 
y=1+ dy (17) 
These expressions resemble those of SHimazakI (1957). In the simplest case of 
an isothermal atmosphere with »y = 0 and uw = i, the diffusion term takes a 
form similar to that derived by FERRARO (1945), viz.: 
d#N 3dN WN 
My = dy ex - Pe 
pel dis | ca 


(18) 


3. SOLVING THE EQUATIONS 
If the forms adopted in the previous sections, for the special case y = 0, 
u = +4, y = 0, are inserted into the continuity equation (1), it becomes the second- 
order, linear differential equation: 
dN 3dN a | w dN 


dy exp |S Te + a) “aa By exp (—kz)N 


= —qg,exp[l1 — z —exp(-—z)]. (19) 


At great heights the diffusion terms dominate the equation, and the comple- 
mentary functions have the asymptotic forms N ~ exp (—z/2) and N ~ exp (—2z). 
The former represents diffusive equilibrium of the plasma. The latter represents 
a situation in which the diffusion velocity w, is not zero and increases exponentially 
upwards, and there is an outflow of ionization to a sink at z = +o. This is not 
a true equilibrium solution. 

Approximations to the complementary functions at the bottom of the layer 
can be found by the W.K.B. method. For w = 0, they have the forms 

N x exp[(}k — Hz £f@ (20) 
where f(z) itself varies exponentially with z. One of these decreases rapidly to 
zero as z — — o, and resembles in form the lower part of the Chapman function 
of equation (7): the other is divergent. An acceptable “‘equilibrium layer’’ is a 
particular integral of equation (19) which is proportional to exp (—z/2) at the 
top, and convergent at the bottom: the characteristics of greatest interest are 
the peak electron density JN ,,, the level z,, at which it is found, and the shape of 
the function N(z) in this vicinity. 
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The boundary conditions imposed on the solution are N « exp (—z/2) at 
z= +00, and N — 0 as z — — o.* 


3.1. Substitutions 


It is desirable to remove the exponential variations of the functions occurring 
in equation (19) by means of suitable changes of variable, and the considerations 
of the preceding paragraphs suggest the substitutions 


x = exp (—2/2) 
N= ay 


by means of which equation (19) is transformed into the equation 


ay _ oy E i, y| — 4Lx?*y = —4Px exp (1 — 2”). 
da? da 


The parameters in this equation are: 
P = deldg, “production” 
L = B,/d,, “loss” 
V = w/d,H, “vertical drift” 


P represents an electron density and the other parameters are dimensionless; 
the “loss gradient” parameter k of equation (9) is also involved in equation (23). 
The boundary conditions in terms of the new variables are: 


dy/dx = 0 at a= 0 (2 = +0) 
y—>0 as xr—-> © (z —- — oo) 


The equations relating to a constant gradient of scale height may be transformed 
in a similar way. The solutions have the asymptotic form N ~ exp (—¢z), ¢ 
being defined by equation (16), and the independent variable is accordingly taken 
as x = exp (—¢z). Only solutions with w = 0 are considered. The functions 
given by equations (7), (9), (14) and (15) are inserted in the equation of continuity 
to yield. 


d*y l dy 26 — y yp -. q : 29) 
da? x dex d aa d2x3d (28 


in which q, # and d are written as functions of 2 instead of z. 

This equation has a singularity at 2 = 0, and so only a special case, in which 
this is removed by taking 24 = y, has been considered. The equation may then 
be written in terms of quantities analogous to the parameters P, ZL and k defined 
previously; apart from slight differences to the right-hand side, the equation 
resembles (23) and may be solved in the same way. 


* Strictly speaking these conditions are too rigorous. The most that can be required is that N shall 
remain finite at z = —o. It is, however, evident that in a physically-acceptable solution the stricter 
condition N — 0 must hold. 
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3.2. The computer programme 

Two programmes have been written for EDSAC 2, one to solve the simplified 
equation for the isothermal atmosphere (23) and the other for the general case 
of a numerical model of the atmosphere without recourse to analytic transforma- 
tions of the variables. Although the details of the programmes differ, the basic 
strategy is the same for both, and this is discussed first. 

By taking dN /dz (or dy/dx in the simplified equation) as a second dependent 
variable the equation can be transformed into a pair of simultaneous first-order 








N 


Fig. 1. Types of behaviour of the computed electron density distributions N(z). 


equations which can be solved by a stepwise numerical integration. Since the 
solution proceeds downwards through the atmosphere step by step it is not 
possible to impose simultaneous boundary conditions at both ends of the range. 
The boundary condition at z = + 0 can be satisfied by setting dN/dz = —3N 
(or dy/dx = 0) at the start of the integration: the initial value of NV, say (0), 
now has to be chosen in such a way that the solution will be satisfactory at the 
other end of the range. The only way in which this can be done is by a series of 
systematic trials. The possible types of behaviour which may arise are illustrated 
in Fig. 1. Usually either A or C is obtained; if the value of (0) chosen is very 
much too large a solution like D is obtained, and B is the desired solution satisfying 
the boundary conditions. The behaviour of the solution is very sensitive to the 
value of (0), and it is possible to change from a solution of type A to one of type 
C by changing (0) by 1 part in 104. Fortunately, however, the two solutions so 
obtained are almost identical in the vicinity of the maximum and therefore a good 
approximation to the required solution can be obtained by finding two slightly 
different values of N(0), of which one gives a solution like A and the other gives a 
solution like C. This can be done by starting with two values of N(0), one large, 
one small, which “‘bridge”’ an acceptable solution and arranging for the computer 
to try values within this range, gradually reducing the difference between the 
values of N(0) whilst ensuring that they still bridge an acceptable solution. 
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A routine is provided in the programme which will integrate the equation for a 
specified N(0) until either: 


N becomes negative (indicating a solution like A); or 

N exceeds a specified limit, usually 10!° (indicating a solution like D); or 
N attains a minimum having previously attained a maximum (solution 
like C); or 

z becomes large and negative without any of the foregoing conditions 
being satisfied. (This would indicate an acceptable solution, finite at 
z = —oo: it is never obtained.) 


The routine then records in the store the value of (0), the position and value 
of the maximum (if any), and an indication of the type of solution. At any stage 
in the calculation there are in the machine two values of N(0) which are known 
to bridge an acceptable solution. The programme takes a value midway between 
them and by means of the routine just described determines the type of solution 
obtained: it then replaces the appropriate N(0) by the midway value so that the 
difference between the bridging values of N(0) is halved. This hunting procedure 
is continued until the difference between the two values of N(0) is less than a 
predetermined quantity (usually 1 part in 10%). 

The programme for the isothermal atmosphere starts by reading in the values 
of the parameters L, P and k, and two values of V(0). At the end of the hunting 
procedure it prints out, for each (0) finally obtained, the values of N and z 
at the maximum and a letter A or C to indicate the type of solution. If required 
it can also be made to print out a table of N(z) for a range of two scale heights on 
either side of the maximum for each solution separately. This optional facility 
was not always used, since the printing of the table occupies an appreciable 
amount of the total computer time required for the solution. 

The programme for the numerical model starts by reading the values of the 
parameters S,, A, 7, K, wand 6; and tables of the quantities n, n(7), H, T and 
u as functions of geometrical height 4. It computes and stores the various quan- 
tities required for the most general expressions quoted in Section 2: during the 
integration values of these expressions are obtained from the tables as required 
using a three-point interpolation formula. During the hunting procedure the 
programme stores a table of N(h) for each of the two values of V(0), and when the 
hunting is finished these tables are printed out. The values of V and h/ at the 
maximum are obtained by fitting a parabola to the three points nearest the maxi- 
mum in the table: this gives more accurate values than the programme for the 
isothermal atmosphere which merely takes the largest value of NV in the table. 


4. THE EqQui~tipriumM LAYERS 
Before the features of the equilibrium layers are discussed, it is useful to 
consider what values might be taken by the various parameters in the /-region. 
Some plausible orders of magnitude are presented below: they are generally in 
accordance with current models of the upper atmosphere (e.g. RATCLIFFE ef al., 
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1956). The numbers of the equations in which the quantities are introduced are 
shown. 





1019 em-? sec} E hy = 180 km 
= 10-17 cm? | Hy, = 40km 
= 10-13 em? sec-! >) = 2 x 10° om 
= 10'* cm-! sec 3) | y = 0-2 


= 1000 cem-3 sec-} 
= 10-5 sec"! 
= 10-3 sec" 











In the neighbourhood of the F2-electron peak, two scale heights above FJ, 6 and 
d are about 10-4 sec. 

The values of the loss parameter actually used range from 1 to 7500. The 
computed values of V should be directly proportional to the production parameter 
P; this has been verified in a particular case. 


4.1. Layers with zero vertical drift 
For the simplest situation, with a constant scale height and zero vertical drift 


velocity, twenty-three computed solutions have been obtained, distributed as 
follows: 





Value of k 
Total number of solutions 


Number with tabulated N(z) 











[t is found empirically that the characteristics of the peak are determined by 
the simple relationships 


Tm =~ Bim m (30) 
B.. = dn (31) 


The validity of these formulae is demonstrated by the curves of Fig. 2, in which 


the ratios (6.N/q),, and (/d),, are plotted as functions of L, for different k. Exact 
fulfilment is represented by the horizontal line whose level represents unity on the 
vertical logarithmic scale, and deviations from this line indicate the numerical 
factors which complete the equations. It is evident that equation (30) is well 
satisfied, especially for k ~ 1, but the factors in equation (31) are rather dependent 
on k and LZ. The latter equation is also illustrated by Fig. 3, which shows how the 
height z,, of the peak depends upon L (=f,/d,). 

The effect of varying the parameter & is illustrated by Fig. 4, in which are 
plotted equilibrium layers for different values of k but the same value of LZ. The 
striking feature is the dependence of V,, upon k: this is, of course, just one aspect 
of the relationships of equations (30) and (31). 
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Fig. 2. The relations between production, loss and diffusion rates at the electron peak. Con- 

tinuous lines show values at the peak of the ratio B/d, for several values of the loss gradient 

parameter k, as a function of the parameter L = £,/d,. Broken lines show values of the 

ratio BN/q at the peak, for two values of k only: the graphs for other values of k are very 
similar. See equations (30) and (31). 


- 








lOogig L 


Fig. 3. Dependence of the level z,, of the electron peak upon L, the value of the ratio B/d 
at the production peak (z = 0). Curves for four values of the loss gradient parameter are 
shown. 


Information about the shape of the equilibrium layers is provided by the 
solutions for which NV(z) has been tabulated, between the iimits z,, + 2: the values 
of N for the two solutions printed begin to differ appreciably near the lower end 
of this range. The thickness of the layer below the peak is conveniently specified 
by the quantity z,: this is defined by an equation in which z is written as a function 


* si = ee 2(N n) Nisa 2(0-7N ,,). (32) 
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N, 10° cm-3 
Fig. 4. Equilibrium electron distributions N(z) for DL = 250, P = 4 x 107 em~-%, and 
values 1-0, 1-2, 1-6 and 2:0 of k. 


The equilibrium layers with L = 250 and different values of k& are plotted again 
in Fig. 5; in order to display the shapes of the layers the peaks have been brought 
into coincidence. All the layers resemble the Chapman curve shown, and near the 
peak they are parabolic. The thickness z, depends on the gradient of the ratio 
B/d x exp[—2(1 + k)]: it is found empirically that 


z(1 +k) ~ 25. (33 
7 


For the smaller values of k, the thickness z, increases with increasing L; but for 
k = 2, z, is almost independent of L. 

Equation (29), which includes a gradient of scale height, has been solved with 
the parameters y = 0-2, w = 0-35, LZ = 370 and the three values k = 1-0, 1-2 
and 2-0. The values of the ratios (/d),, and (f.N/q),, are the same, to within about 
| per cent. as those for the corresponding solutions for the isothermal case, and the 
shapes of the layers are very similar. These results suggest that a height-indepen- 
dent gradient of scale height, of a magnitude probably similar to that existing 
in the F2-region, has little effect upon the form of the electron density distribution. 


4.2. Effects of a vertical drift velocity 


Equation (23), which refers to an isothermal atmosphere, includes terms due 
to a vertical drift velocity which is independent of height. Thirty-four solutions 


of this equation with non-zero values of V have been obtained, for k = 1-0, 1-2 


and 2-0. 

The effect of the drift is illustrated by Fig. 6, in which are plotted the functions 
N(z) fork = 1-2, L = 250 and a few values of V. These curves are similar to those 
published by Yonezawa (1958). Qualitatively, an upward drift tends to transport 
ionization from its level of origin towards a level where the loss rate is smaller, 
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Fig. 5. Equilibrium electron distributions for L = 250 and k = 1-0, 1-2 and 2-0, normalized 
for comparison of shape. The curve +-+-+-+-+ is the Chapman function, given by 
N/Nn a exp 3{1 il (z ee. 2m) ree exp (Zn Sti z)]. 








8 
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N, lO-cm ~ 


Fig. 6. The effect of vertical drift on the distribution of electron density, for k = 1-2, 

L = 250, P = 4 x 107cm~-%, N(z) curves are shown for values 0, +10, +20 of the drift 

parameter V. The electron distribution in the absence of drift and diffusion, given by 
N = q/f, is shown by the curve 
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and thus the average lifetime of an ion pair is prolonged and the peak electron 
density increased. It is apparent that an upward drift produces a greater effect 
than a downward drift of the same magnitude, but as will be shown in Section 4.3 
this feature does not occur when some other atmospheric models are employed. 

The changes produced at the peak by a drift w may be summarized by the 
formulae: 


(34) 


(35) 


in which d,, is the diffusion rate at z,,, the level of the peak when w = 0. 
10 
07 


05 








lode L 


Fig. 7. Changes in peak electron density N,,, and the level z,, of the peak, produced by a 

vertical drift w, in relation to the diffusion rate at the peak d,,. The continuous lines show 

values of the ratio A(log N,,). Hd,,/w, and the broken lines show values of the ratio 
Az,, . Hd,,/w, for k = 1-2 and k = 2, as functions of LZ. See equations (34) and (35). 


The detailed analysis gives numerical factors for insertion into these relations, 
which hold quite well for drift velocities less than Hd,,: this quantity is of the 
order of a few metres per second in the F2-layer. In Fig. 7 are plotted the ratios 
A(log N,,) . Hd,,/w and Az,,.Hd,,/w, and their values lie between 0-1 and 1 for 
the instances shown: they depend somewhat upon k, but for given k are almost 
independent of ZL. Moreover, w can be eliminated between equations (34) and (35) 
to give a relation between A(log N,,,) and Az,,, which depends upon k but hardly 
at all upon L. 

The shape and thickness of the equilibrium layers are not markedly altered by 
moderate drifts. 


4.3. Results for the numerical model of the atmosphere 

A programme designed to handle a general model of the atmosphere is clearly 
capable of endless variation and refinement, of which only a small sample can be 
dealt with in the computing time available. Consequently, the examples considered 
have been chosen to show whether the general results obtained from the isothermal 
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model, and expressed by equations (30) to (35), are valid for a more complicated 
model which gives a better representation of the upper atmosphere. As in the 
previous work, most attention is paid to the parameters J,,, and h,, of the electron 
peak. 

The atmospheric model used for this investigation was kindly provided by 
Dr. K. WEEKEs, and is based on the density function shown in Fig. 8. The scale 
height is also shown in the figure: it possesses a large gradient at the height of 
the Fl-layer (dH/dh ~ 0-4), but in the F2-layer the gradient is only about 0-1 
and is even smaller at greater heights. 

Two variants of this model are considered. In the first, to be called the ‘‘mixed”’ 
atmosphere, the gases O and N, are supposed to be completely mixed at all 


600 ;- 





ee ee eae 
10°2 10°? 08 
gems / i 
40 60 80 
km 


Fig. 8. Atmospheric data, after WEEKES. The dotted curve denotes density, on a loga- 
rithmic scale; and the continuous curve the scale height of the neutral atmosphere. 








heights, so that H(O) = H(N,): this corresponds to the situation & = 1 in the 
isothermal atmosphere. In the other version, referred to as the “separated” 
atmosphere, these gases are supposed to be diffusively separated at heights above 
150 km, so that H(O) = 1-75H(N,)—corresponding to the case k = 1-75. 

The rocket experiments described by JoHNson et al. (1958) suggest that above 
about 240 km all the positive ions are O*. In the ‘“‘mixed”’ atmosphere, the param- 
eter « involved in the diffusion velocity (equation (12)) depends upon the relative 
abundances of N, and O, and is about 0-35. In the “separated”? atmosphere, u 
increases with height and reaches a limiting value of 0-5 at levels where the propor- 
tion of N, is small. Below 240 km, uw depends upon the ion composition as well 
as upon that of the neutral atmosphere. In this region, below the F2-peak, the 
term involving yw is not very important and it has been found expedient to estimate 
this parameter from the results published by JOHNSON et al. 

These results show a preponderance of NO* ions in the lower F-region, which 
suggests that the gas N, plays a greater part than O, in the loss process. For 
simplicity, therefore, the presence of the latter gas is ignored in this work, so that 
n(M) = n(N,) in the loss formula of equation (8), the coefficient AK being chosen 
empirically. 
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The peak of the production function is made to occur near 180 km, the height 
of the Fl-layer, by suitable choice of the cross-section A (equation (6)). Two 
refinements have been incorporated into the programme for the “separated” 
atmosphere: these are a modification of equation (5) to take account of the absorp- 
tion of part of the solar radiation by N,, which does not contribute to the observ- 
able ionization; and an allowance for the different values of b (equation (13)) 
which are appropriate to the diffusion in O and in N, of O* ions (DALGARNO, 1958). 

For the solutions with zero vertical drift, the coefficient AK has been varied 
over a range of 100:1. This is analogous to variation of the parameter L in the 
isothermal case. The computed electron density distributions, N(h), resemble in 
shape those obtained previously. It has been shown in Section 4.1 that in the 
isothermal case, the production, loss and diffusion processes are of comparable 
importance at the peak: the same result is obtained from the computations made 
with the numerical atmospheric model. The values of the ratio (fN/q),, are the 
same, to within a few per cent, as those for “‘isothermal”’ solutions with similar 
parameters. The values of (f/d) at the peak are greater by about 20 per cent than 
for the “isothermal” solutions, but since the gradient of this function is of order 
5 per cent per km in the F-region the difference is scarcely significant. 

For one example, the non-linear loss formula of equation (10) has been used: 
the chosen value of « = 5 x 10-® em sec! places the transition level defined by 
Kn(M) =«N at about 180 km. Although the shape of the N(h) distribution 
below the maximum is altered by the use of this formula, there is little change at 
the electron peak: the height /,,, which in the example considered is 250 km, is 
lowered by 2 km and JN ,,, increased by 7 per cent. Thus the operation of an «-type 


loss law in the FJ-layer probably has little influence on the characteristics of the 
F2-peak. 

The effects of a height-independent vertical drift on the electron distribution 
are much the same as those described in Section 4.2, except that the very large 
increases of V produced by a strong upward drift (cf. Fig. 6) do not occur with the 
atmospheric model here considered. N(h) curves computed for the ‘‘separated”’ 
atmosphere are plotted in Fig. 9: they show examples of upward, zero and down- 


ward drift. 

A useful check between the two types of calculation is obtained by inserting, 
into the programme for the numerical model, data appropriate to a mixed and 
isothermal atmosphere. The values of parameters employed are equivalent to 
those used in previous examples of equilibrium layers with k = 1, with zero and 
non-zero drifts; and the electron distributions obtained by the two methods 
agree to within the probable accuracy of the calculations. 

The results described in this section, for models with a non-uniform scale height, 
are very similar to those obtained in the idealized case of an isothermal atmosphere. 
It is thus not unreasonable to suppose that conclusions derived from this work are 
approximately true for other, more general atmospheric models. 


4.4. Solar zenith angle and magnetic dip 
The analysis of previous sections referred implicitly to a special case of vertical 
illumination and vertical magnetic field (y = 0 and sinJ = 1). It will now be 
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extended to a more general case, since the matter is relevant to the time of estab- 


lishment of equilibrium. 
Let suffix q refer to the level of the production peak for any value of 7, the 








N,  10®r~vs 
Fig. 9. Electron density distributions computed for the atmospheric model of Fig. 8, with 
diffusive separation of O and N, above 150 km. The production qg has a peak value of 
275 em-3 sec-! at 200 km. The diffusion and loss functions are given by b = 1-4 x 1017 
em! see~! (°K)-1/2 and K = 10-18 em? sec~!, respectively. The numbers attached to the 
curves are vertical drift velocities in metres per second. 


suffix 0 being retained for the level z = 0 of peak production for overhead sun. 
Then, if H is independent of height, 

z, = log sec x (36) 

= Jo COS X (37) 

= B(cos x)" (38) 


= d, sec x sin? I (39) 


The expression for d includes the factor sin? J which is generally used to describe 
the effect on diffusion of the geomagnetic field. Then the production and loss 
parameters, which must be calculated at the level of the production peak, take 


the values 


= L, cosec? I (cos y)*+1 (40) 


P, = P, cosec* I cos* x (41) 


In the absence of vertical drift, the parameters NV j,, z,, of the electron peak 
are related to the values N,,, z,, which refer to the case y = 0 and sin/ = 1, 
as follows: 

257 = 2 + log sec x 
N (NV ,,/P) . P» cos? x cosec? I 


Viv = 
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In these equations z,, and (V,,/P) are functions of k and LZ, only, and are given 
by the results described in Section 4.1. The resulting values of Vy, and z,, are 
very insensitive to y, and this is demonstrated by Fig. 10 which shows equilibrium 
values of NV as a function of latitude, for equinox noon conditions and plausible 
values of P, and L,. This insensitivity is a consequence of the earlier result that 
Nin ~ Um/Pm; for 6 is assumed independent of 7 and q varies little over a wide 
range of y for any given z > 1. 

The results of the foregoing analysis agree, to within the accuracy of calculation, 














Latitude 


Fig. 10. Equilibrium electron density for equinox noon as a function of geographic latitude, 

which is assumed equal to magnetic latitude. Values adopted are k = 1, Ly = 200, Py = 

108 cm~%, The thick line indicates the maximum electron density N,,, and the thinner lines 

the electron densities at the levels z = 2-0, 1-5 and 1-0. The increase in low latitudes is due 

to the factor sin? J in the diffusion coefficient, and the decrease in high latitudes to the 
large solar zenith angle. 


with those of YonrEzAWA (1958), who computed electron density distributions for 
several values of w, for the case k = 2 only. It may be shown, by use of equations 
(40) to (43), that Yonrezawa’s deduction that N,, cos y is a function of sec 7. 
(sin J)? only is equivalent to the statement that for an equilibrium layer the 
ratio (NV ,,/P) depends only upon L,, valid if V and & are fixed. 


5. VALIDITY OF THE ASSUMPTION OF EQUILIBRIUM 


At first sight, it appears hazardous to discuss a dynamical system, such as the 
F-region, in terms of situations from which time variation is excluded. But the 
neglected term in the continuity equation is seldom dominant, and is often smaller 
than other terms by a factor of 10 or more. In temperate latitudes, the parameters 
NF 2, h,,F 2 of the electron peak are often fairly constant for several hours during 
the day (THomas et al., 1958), and this is just what would be expected from 
consideration of the equilibrium solutions because of the insensitivity of NV, and 
z,, to the solar zenith angle 7 (Section 4.4, and Fig. 10). If production, loss and 
electromagnetic drifts remain constant, then, in the absence of diffusion, equilib- 
rium is established at any level z in a time of order 1/f(z). The considerations of 
SHIMAZAKI (1957) suggest that above the peak, where the situation is dominated 
by diffusion, the exponential distribution characteristic of diffusive equilibrium 
is established above any level z in a time of order 1/d(z). The approach to equilib- 
rium is then slowest at the peak, where the time taken is comparable to 1/d,, 
(~1//,,). Numerically, this is about 104 sec, or 3 hr, and after the lapse of several 
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hours equilibrium may be attained, provided the drift has not greatly changed 
in the meantime. Thus the equilibrium layers described in this paper may be 
useful for consideration of the actual ionosphere. 


6. CONCLUSIONS 


The use of an electronic computer has made possible the calculation of equilib- 
rium electron distributions for a variety of model atmospheres. It cannot be 
expected that an empirical approach of the kind employed will establish results with 
mathematical rigour, but a balance has been struck between the desire for greater 
certainty and the need for economical use of the computer. 

The work described in this paper points towards the following conclusions 
about equilibrium layers controlled by production, loss, plasma diffusion and 
vertical drift: 

(a) If there is no vertical drift other than that caused by plasma diffusion, 
then: 

(i) the peak of electron density occurs near the level where the loss rate 6 
and the diffusion rate d = D/H? are equal; 

(ii) at the peak, and below it, the electron density is given quite accurately 
by the expression NV = q/f, just as though there were no diffusion; 

(iii) at levels more than one scale height above the electron peak, the electron 
distribution is controlled by diffusion and takes an exponential form; 

(iv) near the electron peak the distribution is approximately parabolic, with 
a thickness inversely proportional to the gradient of the function log (8/d). 

(b) The effects produced by a vertical drift depend on the ratio of its magnitude 


to the product H .d at the electron peak. An upward drift for which this ratio is 
unity raises the peak by about one scale height and increases the peak electron 
density: a downward drift has opposite effects. The shape of the layer is not 
greatly altered, and unless the drift is very strong the peak electron density is 
still given approximately by the relation N = q/f. 

(c) The above conclusions are not materially affected if the scale height of the 
atmosphere varies with height. 
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Focusing of electromagnetic waves by E,-clouds 
(Received 1 January 1960) 


IN measurements of ionic pulse absorption, it is necessary to determine a calibration 
constant J, of the instrument. This is given by the product of the amplitude of the first 
echo and twice the reflection height. 

In this formula it is assumed that the reflection coefficient of the ionosphere is unity. 


with no Es-influence 


A Number total number: 56 
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July-September 1957 





To 
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> 


Number total number: 28 
with Es-influence 


Fig. 1. Histogram of J,-values with and without influence of FH, 
for 1:73 Mc/s at Lindau, July-September 1957. 


In practice J, can be measured as follows: the amplitude of the first echo from the F-layer 
is measured every 15 sec during the night; mean values for intervals of 15 min are cal- 
culated; and these means are plotted in the form of a histogram. 

It is usually assumed that the large values are due to focusing effects and the small 
values to defocusing, both caused by varying curvature of the F-layer. If partial reflections 
from the /,-layer are observed, one would expect values for the F’-echo amplitudes to be 
smaller than those without such partial reflections; and hence, from the formula, smaller 
[,-values should appear. However, our measurements at Lindau and Tsumeb/SWA 
occasionally showed larger values under these conditions, provided that the values of the 
E-echo lay within 5-20 per cent of the first /-echo amplitude (Figs. 1-3). This effect is 
particularly clear in measurements obtained on 16 September 1958 at Tsumeb (lined fields 
in Figs. 2 and 3). 

All attempts to explain this observation by means of focusing effects appear to fail. 
The objection is that such abnormally high values are never observed in the absence of 
E,-echoes, although this is much the commoner condition. 

These observations can, however, be explained by a focusing effect of the #,-clouds. 


Optical focusing is produced by convex lenses (refractive index n > 1). By analogy, 
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Fig. 2. Histogram of Jy-values with and without influence of E, 
for 2:20 Mc/s at Tsumeb, July-September 1958. 
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Fig. 3. Histogram of I)-values with and without influence of EF, 
for 2:75 Me/s at Tsumeb, July-September 1958. 


focusing can be expected in the ionosphere (refractive index n < 1) when there is a concave 
structure of the level of constant ionization. This analogy is illustrated in Fig. 4. 

There is another possible explanation. It seems reasonable to believe that the H-layer 
sometimes consists of clouds with dimensions of the order of kilometres. The cone from the 
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optics: n>1 


ionosphere: 
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Fig. 4. Analogy between an optical lens and the ionosphere. 
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Fig. 5. Raypaths of F-layer-echoes with refraction by £,-clouds. 
(The horizontal scale is expanded). 


transmitter to the first Fresnel zone in the F-layer (Fig. 5) may be free from any £,-clouds 
for some time, while there are some in the neighbourhood in random positions. The energy 
within the cone gives normal F-echo amplitudes. But additional energy is reflected from 
the F-layer within the Fresnel zone and refracted once by the #,-clouds, as shown by ray A 
in Fig. 5. This increases the F-echo amplitude. Further additions may come from the 
energy of rays such as B in Fig. 5. In the absence of #,-clouds, all of these energy 
sources would not contribute to the final amplitude of the F’-echo. 

This theory must be checked by further investigations. It is intended to study the time 
variation of the effect, and correlate this with the movement of the #,-clouds. 


Maz-Planck-Institut fiir Aeronomie G. UMLAUFT 
Institut fiir Ionospharenphysik 
Lindau iiber Northeim, Hannover 
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A unified theory of terrestrial and solar magnetization, the outer Van Allen 
belt and high energy primary cosmic rays 


(Received 17 February 1960) 


In a paper in this Journal by CHATTERJEE (1956) facts and arguments are presented which 
can supply the basis for an acceptable theory of the Earth’s state of magnetization. These 


may be summarized as follows. 

From the accepted facts about the magnetic mineral contents, temperatures and 
pressures of the upper 25 km of the Earth’s crust and from the known facts about magnetic 
materials, CHATTERJEE infers that the main magnetization of the Earth may be attributed 
to a 20 km thick shell in this crust which has temperatures below the Curie point of iron. 
For he first deduces that “due to the effects of high pressure and temperature, the 20 km 
shell will behave as a material of high permeability being saturated at a very low field of the 
order of 0-1—0-01 gauss’, then deduces that the average magnetic moment per unit volume 
of the shell is 11-0 G and finally notes that if the total magnetization of the Earth were 
confined to a 20 km shell the moment per unit volume would be 8 G. 

If we accept his conclusion that a separately produced field of 0-01 G may suffice to 
account for the known magnetization of the Earth we are then faced with the problem of 
finding the source of this field and its required direction. 

The following considerations appear to indicate that this source is the Sun and its 
motion with velocity 30 km/sec relatively to that of the Earth in its orbit. For this motion 
will produce in a non-rotating frame of reference attached to the Earth, at the orbital 
distance r, a magnetic field H,, which is perpendicular to the Ecliptic, is directed from north 
to south as required and has the intensity 0-01 G—provided that the Sun carries a net 
negative electric charge of about —2-2 « 10?8 e.s.u. 

At first sight this conclusion might appear to many theoretical astrophysicists as quite 
unacceptable on account of its apparent inconsistency with some of their most cherished 
notions. We shall therefore mention the following facts which very strongly support 
this conclusion. 

If this negative charge were distributed in the Sun in the same way as its mass and if the 
mass and angular velocity of the Sun were distributed as in CHAPMAN’s Model A (1948) 
then the north polar magnetic field vector of the Sun H, would be about —1-1G. This 
agrees in order of magnitude and direction with the observations of HALE and LANGER who, 
according to H. W. Bascock (1953), found a mean value for H,, of —4 G. It is also in good 
agreement with the most recent observations of H. D. BasBcock (1959); the temporary 
reversal, during six years, of the direction of H,, observed by the BaBcocks may be provi- 
sionally attributed to secondary effects. 

Moreover, the field H,. produced by the Sun near the Earth not only magnetizes the 
Earth but also neutralizes the resulting external terrestrial field in a narrow and approxi- 
mately toroidal region of radius about 3-3 earth radii which lies nearly in the Earth’s 
magnetic equatorial plane. The magnetic field in and near this toroidal region is such that 
it could act as a “‘magnetic bottle” which is partly accessible to fast charged particles from 
regions much further out. These facts point strongly to the possibility that the outer Van 
Allen belt (which has a maximum density at about 3-6 earth radii from the Earth’s centre) 
is produced by the same cause as that which produces the Earth’s state of magnetization. 

Lastly, it should be noted that the Sun’s charge produces at the Earth’s orbit an electric 
field of potential V = —4-4 « 10!’ V which is such that it can attract protons and other 
nuclei from distant space. The maximum kinetic energy imparted to nuclei of charge Ze 
would be 4:4 « 10!7 Z eV and for an iron nucleus this amounts to about 10!%eV. This 
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result is in good agreement with the fact that the maximum energy ever determined for a 
primary cosmic ray particle lies between 5 x 1018 and 10!%eV. Also a high proportion of 
the attracted nuclei would describe orbits round the Sun which are randomly distributed 
and so they would reach the Earth isotropically. 

It would be a remarkable coincidence if these four phenomena, pertaining to the solar 
system, were all explained correctly in their orders of magnitude and their related directions 
by means of a single hypothesis which happened to be completely false. The probability 
that this is not a mere coincidence is considerably increased if we note that our hypothesis 
can also lead to simple qualitative explanations of the occurrence in the Sun’s corona of 
relativistic electrons, strong radio noise, fast magnetized clouds of ionized hydrogen and 
very high temperatures, and of the main events in the Earth’s atmosphere which follow 
strong solar flares. This probability is increased further if we regard the Sun as an average 
star and extend our hypothesis to the stars, for such an extension leads to simple qualitative 
explanations of many facts concerning magnetic stars, novae, supernovae and the Galaxy 
and can even explain, in principle, the recession of the galaxies; it also yields a simple 
quantitative explanation of the fact, pointed out by BLackeErrt (1949), that the ratio P/U 
of the magnetic moment of the Sun to its angular momentum is approximately the same as 
the average of the corresponding ratios for the stars in a particular group of five magnetic 
stars. 

A more complete discussion of all these consequences of our hypothesis and two sug- 
gestions concerning the possible origin of the steller net charges are in the course of publi- 
cation elsewhere (BAILEY, 1960). 

University of Sydney = hee 
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Geomagnetic and sunspot influences on spread-F in Baguio 


(Received 27 February 1960) 


Ir has been shown (Lyon, SKINNER and WricGuT, 1958) that magnetic activity tends to 
reduce the frequency of occurrence of spread-F at Ibadan, Nigeria. This tendency is also 
observed at Baguio, Philippines (latitude 16-4°N). 

A count was made of the presence of spread-F on Baguio ionograms, the norm being a 
spread-echo intensity sufficient to make the scaling of (173000) F2 uncertain. The iono- 
grams studied were the hourly ionograms from 1900 to 0800 hours local time, for five 
international quiet days, for five international disturbed days, and for all days, of each of 
the 72 months from January 1953 to December 1958. The counts were transformed to 
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percentages and averaged for each of the two 3-year groups, 1953-1955 being years of low 
sunspot count and 1956-1958 of high sunspot count. The results are illustrated in Fig. 1. 
It is seen (1) that the tendency of magnetic activity to reduce spread-F occurrence is 



























































Fig. 1. Parsonage occurrence of spread-F in Baguio. — for five quiet days; 
~ for five disturbed days; © © © o for all days. 


greater and more consistent in years of high sunspot count than in years of low sunspot 
count, and (2) that the pattern of seasonal variation of spread-F occurrence changes with 


the solar cycle independently of magnetic activity. 
V. Marasican, 8.J. 
Manila Observatory 


Baguio, Philippines 
REFERENCE 
Lyon A. J., SKINNER N. J. and Wricut R. W. 1958 Nature, Lond. 181, 1724. 
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Indices of geomagnetic activity 


of the Observatories HarTLAND (Ha), ESKDALEMUTIR (Es) and Lerwick (Le) 
November 1959 to March 1960 


The figures given on pages 259 to 263 represent the K-indices for three-hour intervals, 
beginning with 00-03 hrs for the first and ending with 21-24 hrs for the eighth figure. 
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Abstract—The paper deals with the statistical analysis of fading of a single wave reflected (vertically) 
from the F-region of the ionosphere. These fading records are usually random and their amplitude 
distribution has been found by other workers to be Rayleigh, Gaussian or log-normal. The present 
analysis shows that the amplitude distribution is Rayleigh only in the case of rapid fading, whereas for 
slow and quasi-periodic fading it is found to represent what can be termed as an M-type. The distribution 
of successive differences in the amplitudes has also been studied; for a Rayleigh amplitude distribution 
this time analysis gives rise to a Type-VII distribution of PEARSON as originally pointed out by Mirra 
(1949b) while in the case of M-type amplitude distribution it becomes Gaussian. Following Mrrra’s 
analysis, the r.m.s. value of the random velocity, v,) of the ionospheric irregularities has been calculated 
from the time analysis. The value of v, has also been calculated from the autocorrelation coefficient 
of the amplitude R following BooKeEr et al. (1950). The two values of v, thus obtained are compared and 


are found to agree well. 


INTRODUCTION 


Ir 1s well known that the fading of a short wave reflected from the ionosphere is 
caused either by (a) change in absorption, or (b) interference between several 
components. Under normal conditions the rate of change of absorption is small, 
thus making the effect of absorption on short period fading negligible. 

The interference fading may be due to one or more of the following causes: 

(1) Interference between ground and sky waves, when the receiver is close to 
the transmitter. 

(2) Interference between multiply-reflected waves from one or more ionospheric 
layers. 

(3) Interference between waves reflected from different layers (the so-called 
M-reflection). 

(4) Interference between two magneto-ionic components. 

(5) Interference between waves scattered from the local irregularities in the 
ionosphere. 

The fading due to the first three causes can be eliminated by using pulse 
technique of ionospheric sounding and selecting a single echo by means of an 
electronic gate. Interference between the magneto-ionic components produces a 
periodic fading (Mirra, 1949a) and can easily be detected from an inspection of 
the records. Thus, by proper circuit arrangements and by selecting a fading record 
which is non-periodic, it is possible to obtain a fading curve which is due only to 
the last effect. 

A short-wave signal incident on the ionosphere is often diffractively scattered 
by the ionospheric irregularities and the signal strength at a point on the ground is 
the resultant of a large number of vectors representing the amplitudes and phases of 
many scattered wavelets within a cone. As the irregularities move, the relative 
phases of the wavelets change and hence the resultant amplitude also changes. 
The irregularities may have either a steady drift or a random motion or both. 
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When the fading is due to the interference between the scattered wavelets, two 
types of fading are generally experienced: 

(1) Quick random fading. The cause of this type of fading is assumed to be 
predominantly due to random motion of the irregularities amongst themselves. 

(2) Slow and quasi-periodic fading. This is presumably caused by a steady 
drift of the ionospheric irregularities. 

Assuming that the irregularities are distributed at random in a horizontal 
plane, the relative changes in phase of the scattered wavelets in both the cases are 
random, and hence the resultant amplitude should also change in a random manner. 
For such fading curves we may expect that the amplitude distribution will be a 
Rayleigh one. It will be shown in the following sections that the amplitude 
distribution is not always Rayleigh. For rapid fading, it no doubt resembles a 
tayleigh but for slow quasi-periodic fading the distribution is what can be termed 
as M-type. This is rather surprising as most of the earlier investigators on the 
subject have indicated only Rayleigh, Gaussian and log-normal amplitude dis- 
tributions. 

The random fading of a single wave from the ionosphere is analogous to a 
similar situation on random electrical noise and Rick (1944, 1945) was the first to 
develop full statistical theories for such a phenomenon. He also worked out the 
distribution of successive differences in the amplitudes, called time distribution. 
Fiértu and MacDonaup (1947) later extended the analysis and showed, from 
theoretical considerations, that when the amplitude distribution is Rayleigh, the 
time-analysis is Gaussian. Statistical analysis of the fading curves has, however, 
indicated that this is not always the case. Mirra (1949b) found that such a time 
analysis is better represented by a Type-VII curve of PEARSON and also offered 
theoretical justification as to why it should be so. McNicor (1949), following 
similar analysis of fading on c.w. transmissions, came to the same conclusions. 
We have also attempted time analysis of the fading curve; it is found that Type- 
VII curve is always a better representation when the amplitude distribution is 
tayleigh (rapid fading). For M-type amplitude distribution (slow fading), 
however, the time analysis gives a Gaussian curve. 

It is possible to determine the r.m.s. value of the random velocity of the 
ionospheric irregularities from the time analysis of the fading curve. This can also 
be calculated from the autocorrelation function of the amplitude in the fading 
wave (BooKERr et al., 1955). We have also carried out the autocorrelation analysis 
and the results obtained are presented in the paper. 


EXPERIMENTAL PROCEDURE 


The fading records considered are from those obtained in the spaced receiver 
experiment for studying the horizontal drift in the ionosphere at Delhi (28°35’N, 
77°5'E) by Mirra’s technique (1949a). The fading curves were taken on a frequency 
of 6-5 Mc/s. Typical records of the rapid and slow type of fading utilized in this 
paper for statistical analysis are shown in Figs. 1 and 2. Statistical analysis was 
made of only one of the three fading curves in each case. For amplitude distribution, 
successive amplitudes were read off at an interval of 0-05 sec. The interval was 


varied while analysing the M-type of distribution. 
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THEORETICAL CONSIDERATIONS 
(a) Amplitude distribution 

Before we come to the various parameters in the amplitude distribution, it is 
considered worth while to briefly discuss the basic theory. 

The resultant amplitude of the received signal at a point at any instant is the 
sum of a large number of vectors, each having a random phase. Each vector here 
corresponds to a wave scattered from a scattering centre moving in a random 
manner. Lorp RAYLEIGH (1899) has given the mathematical expression for the 
probability P(R) of the amplitude R for a completely random phenomenon, and a 
similar situation arises in the problem of random fading. P() is given by 

R — R? 
P(R) = — exp (1) 


) 
y 


2y 


where | ” P(R) 4k =— 1 end y = | Wf) df 


/0 


v9 
W(f) being the density in the power spectrum. y is related to the mean value R, 
the mean squared value A? and R#,,, the value of R for which P(R) is maximum by 


the following equations: 
1/2 


. P(R)RAR — taal 


(x 


P(R)R2dR = 2y 


v0 


R,, a> yi? 


y can also be calculated from a plot of log P(R)/R against R? which is a straight 
line and is given by the equation: 
P(R) l R? 


log —— = log — — —. 
. ae oy 2y 


The intercept on log P(R)/R axis is log 1/y and the slope of the straight line is 1/2y. 


(b) Time analysis 

it is assumed that the scattering centres, whose motion causes the fading, are 
in continual random motion in such a way that probability distribution P(v) of the 
line-of-sight velocity v is given by a normal law: 

P(v) = een “ 
\ (2 7) Vo \ “ 
io. @) 
where } P(v) dv = 1 
J— 

- r.m.s. value of the random velocity. 
These scattering centres, by their motion produce Doppler shift of frequency, 
the modified frequency f being given by 


/ 


Vo > 


(6) 
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where /, is the incident wave-frequency and c is the velocity of light. P(f) is given 


] 5 ae 2 
P(f) - : exp E ef a 
\ v 


by 


of af 2, 2 
«Jo 8f oo 


] eee on 
Then P(f) : exp (f . a 
“0~ 


\ (27) ao 


Since the scattering centres are oriented in a random manner, the phases of the 
scattered waves from the individual centres are also distributed at random. 
Powers due to each contribution add up and the power spectrum W(f) is given by 


te fo) - 


9 
e 


where y total energy in this power spectrum. 

The fading of the resultant is, therefore, due to the interference between 
different frequency components, frequency distribution of which is given by (7). 
The situation is analogous to what results if random noise were passed through a 
filter whose band-pass characteristic is given by (8). 

Extending Ricn’s (1944, 1945) theory, FirtH and MacDonatp (1947) derived 
an expression for the probability distribution of v,, when the random noise has a 
Rayleigh amplitude distribution and is passed through a band-pass filter whose 
power characteristic is given by (8). v, is the difference between two successive 
amplitudes within a small interval of time 7. 


The expression for P(v,) is 


l 
P(v,) dv, = —- exp (—2?) dx (9) 


Va 


where oe = _ (9a) 
2707 \/ (2p) 
which shows that the probability distribution of v, is Gaussian. 

We have earlier pointed out that analysis of experimental results has indicated 
that in actual practice distribution of v, is given by a Type-VII curve of PEARson. 
This can be tested in the following way: 

The v, distribution, as found from the analysis of experimental data, is first 
plotted. Then a 7?-test (goodness of fit) gives the best fit to a theoretical Gaussian 
curve or a Type VIl-curve of Pearson. Depending on the value of 7?, the dis- 
tribution of v, is selected. 





Statistical analysis of fading of a single down-coming wave 


The equation for Type-VII curve is given by 


where 


a* : 


and N = total number of observations; mw, and /, are corrected second-order 

moment about the mean and the coefficient of excess in the distribution respec- 

tively; P, is given by By = 4/5", wy being the corrected fourth order moment. 
The equation for a Gaussian distribution is given by 


vr 
—) (11) 


| a 
P(v,) exp 
oy/ (27) 2 
where o = standard deviation = \/u,. The difference between a Gaussian 
distribution and a Type-VII distribution of PEARSON is that for Gaussian curve, 
fb, = 0 and fp, = 3, where f, = w37/u.3, ug is the corrected third order moment; 
and for Type-VII distribution, 6, = 0 and fp, > 3. 
Physically, a Type-VII distribution differs from a Gaussian one by that it is 
narrower around maxima and wider at the skirts. 
The goodness of fit or 7?-test is made as follows: 
7 7 9 
gah: 5 (Fi ow Fs) 12 
zx i — F ( 2) 
1 


where F, and F, are the calculated and observed frequencies of v,, respectively. 
Standard tables are available for P(y*) for different values of degree of freedom, 


from which the goodness of fit of the observed curve to the Gaussian or Type-VII 
can be obtained. 


(ce) Calculation of v, 
For normal distribution of P(v,) the value of vy, the r.m.s. velocity of the 


irregularities in the line of sight, can be found out as follows: from (9) and (9a) 


P(vt)ur dur 
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where o = 2v,/A and / is the wavelength of the radio wave used. v, can also be 
calculated from (9) in another way: 


(14) 


(d) Calculation of v, from autocorrelation function 

The value of v, can also be calculated from a knowledge of the autocorrelation 
function p(z) of the amplitude R from its temporal variation. BooKERr et al., (1950) 
expressed the autocorrelation function p(z) in terms of the angular spectrum. 
They studied the problem of diffractive scattering by the ionospheric irregularities 
from its optical analogy and considered the ionospheric irregularities as constituting 
a diffracting screen with the transmitter as a point source of radiation situated on 
the other side of the ionosphere. 

In such a case p(7) is given by 


| ROR + ale | [Re at} 


« L 


2 [ROP dt z [fe at 


v—® 


(15) 


2 


The probability distribution of Doppler shifted frequency f is already known 


from (7). Now applying the well-known Wiener’s theorem (i.e. the autocorrelation 
function is proportional to the Fourier transform of the distribution of power in the 
power spectrum), it can be shown that 
| 167770 5°77? 
p(t) oc exp | — — a 
Thus p(z) falls to e~! after a time 7 = (A/47v,). Knowing the value of 7, vy can be 
calculated. 
EXPERIMENTAL RESULTS 

As has already been mentioned we have concentrated mainly on two types of 
fading curve, the rapid fading and slow quasi-periodic fading. The analysis of a 
few representative samples of such fading is given below. 


Group 1.—Rapid random fading 

A typical record is shown in Fig. 1. Statistical analysis has been subjected to 
the topmost curve only. 

(i) Amplitude distribution. The amplitudes are read off at an interval of 0-05 sec 
from the fading record. The probability distribution for the amplitude is shown in 
Fig. 3. A theoretical curve obtained from equation (1) is also plotted and it is 
evident that the observed curve satisfactorily follows a Rayleigh distribution. 





Date 16-7-58 ‘ Time 1008 G.MT. 





Fig. 1. Rapid fading. 


Date 3-6-58 Time 0415 G.M.T. 














15 sec 


Fig. 2. Slow quasi-periodic fading. 





Date 4-lI- 58 Time O610 G.M.T. 


Fig. 7(a). Slow quasi-periodic fading. 
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7=0-05 sec 


No. of occurrences 








Amplitude distribution of slow fading. 
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Fig. 3. Amplitude distribution of rapid fading compared with theory. 


(ii) Time analysis. The probability distribution of v,, the difference between 
two successive amplitudes, is shown in Fig. 4. 


No. of occurrences 








-4-0 


Fig. 4. Statistical distribution of v, for r = 0°5 compared with theory. © Experimental 
points. A Computed points from (10). — Smooth curve through experimental points. 
——-—-— Theoretical Gaussian curve. 
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To determine the distribution, i.e. whether it is Gaussian or Type-VII of 
PEARSON, (, and f, are first calculated. They are 
6, = 0000155 ~ 0, and pf, = 36 


6, = 0 and fp, = 3are the conditions for a Type-VII distribution of PEARson. 
To test the degree of fitness of the Type-VII curve to the observed one, the 
theoretical Type-VII curve is also drawn. 

The equation of Type-VII curve is given by (10). 


Here 


whence - = 0-012 and a = 9:14 


N Mm. 


a /(7) \m —4 


A = = 187°5 . 


Then the equation for the theoretical curve becomes 
P(vr) = 187-5(1 + 0-012 vr?)-*°, 


The theoretical points are calculated and are plotted in Fig. 4. 7? is calculated and 
percentage P(y?) is found to be 94 percent. y?-test is done for a theoretical 
Gaussian curve also. P(y?) for the Gaussian distribution is only 2-4 per cent. 

The 7?-test has also been carried out for several other curves of this type and 
in all the cases the goodness of fit for Type-VII is found to be much higher than 
that for a Gaussian distribution. In some cases the degree of fitness is found to be 
as high as 99-9 per cent for Type-VITI distribution. 

Although P(vr) distribution is Type-VII curve of PEARson, for all practical 
purposes, where the main object is to calculate the value of v,, this can be treated 
as a Gaussian distribution to a first approximation. 

The value of vy is calculated from (13) and (14) and is found to be 9-7 m/sec. 

(iii) Calculation of v, from autocorrelation function p(r) of R. Autocorrelation 
function p(7) is calculated for various values of 7 and Fig. 5 gives the plot of p(7) 
against t. The value of 7 for which p(z) falls to e~! is 0-36 sec. 

Therefore vic. a m/sec (f = 6-5 Me/s). 
dart 
This value of v, agrees well with the value calculated by the previous method. 
Group 2.—Slow and quasi-periodic fading 
A typical record of this type is shown in Fig. 2. Statistical analysis has been 


carried out only on the lowermost curve. 
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400 


No. of occurrences 














Fig. 5. Autocorrelation of rapid fading. Fig. 6. Amplitude distribution of slow fading. 


(i) Amplitude distribution. The amplitudes are read off at an interval of 0-05 sec 
from the fading record and the probability distribution for the amplitudes is 
shown in Fig. 6. 

Unlike the rapid fading, where the amplitude distribution is Rayleigh, the 
distribution in this case is found to be what can be termed as an M-type. The 
effect of increasing the time interval between the successive amplitudes is also 
studied and curves are drawn for different values of 7 in Fig. 6. It is evident from 
the figure that the amplitude distribution is independent of 7 and is W-type in the 
range of 7 considered. 

The M-type distribution, as obtained from the analysis of slow fading records, 
has not been observed by other workers. We have carried out statistical analysis 
of a large number of slow-fading records to ensure that the /-distribution is truly 
representative. In all the cases, J/-distribution is evident. Fig. 7(b) showed another 
typical example where curves are plotted for 7 = 0-05, 7 = 0-01 and 7 = 0-5 and 
the distribution of P(R) is identical (M-type) in all the cases. Fig. 7(a) is the 
corresponding fading curve. 

(ii) Time analysis. It is not known why the slow fading curves should consist- 
ently give an M-type amplitude distribution. We have, however, carried out time 
analysis of these fading curves in the conventional manner and Fig. 8 shows the 
distribution of v,. Surprisingly enough, this distribution fits in extremely well 
with Gaussian curve, In this case 

B, = 0-002 
Bp. = 28 


A theoretical Gaussian curve has also been plotted in Fig. 8 (dotted line) and 
close correspondence between the observed and theoretical curves is very evident. 
P(z?) comes out to be 98 per cent for the Gaussian curve. 


273 





P. Dascaupta and K. K. Vis 


No. of occurrences 
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P .., FOS Oe ae ee ee ee eee 
-35 -3-:0 -2:5-2:0-15 -10-05 0 05 1'0 15 2:0 25 30 3:5 








a y- 
Fig. 8. Statistical distribution of v; for v = 0-1 sec compared with theory. © Experimental 
points. A Computed points from (11). — Smooth curve through experimental points. 
—- - Theoretical Gaussian curve. 
Since P(R) distribution is of J7/-type, it is not possible to calculate the value of 
v, from (13) and (14) which hold good only for Rayleigh distribution. The value of 
v, can, however, be calculated from the autocorrelation function p(r) assuming 
that the power density spectrum is also Gaussian. 








Fig. 9. Autocorrelation function of slow fading. 


(iii) Calculation of v, from autocorrelation function p(t) of R. p(r) is found out 
for different values of 7 and plotted in Fig. 9. The value of 7 for which p(z) falls to 
e-! of its maximum is 0-59 sec. Thus vy = 6:2 m/sec. In the case of rapid fading 
the value of v, has been found to be much higher. 


CONCLUSION 


From the experimental results, it is evident that the probability distribution of 
the resultant amplitude does not follow a Rayleigh distribution always, as thought 
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so far. The amplitude distribution is Rayleigh in the case of rapid random fading 
only, whereas in the case of quasi-periodic fading, it is usually M-type. 

The time analysis shows that the distribution for the case of a Rayleigh dis- 
tribution is of Type-VII curve of PEARson. For M-type distribution, the v, 
distribution follows a Gaussian law. It is, however, not clear why the M-type 
amplitude distribution occurs and gives rise to a Gaussian curve for v,. 

The values of the random velocity, v,, calculated from (13) and (14) and from 
the autocorrelation coefficient agree well. For rapid fading, the value of v, is of 
the order of 10 m/sec, and for quasi-periodic fading it is about 6 m/see (when the 
wave-frequency is 6-5 Me/s). 
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Abstract—Several unusual phenomena of #-region ionogram echoes obtained at Thule, Greenland 
(mag. dip 85-5°) are described. They are explained as the effects of electron collisions on the propagation 
of radio waves at high-magnetic latitudes. The third magnetoionic component (Z-echo) is explained 
in this way and several of its distinguishing features are explained and illustrated. New phenomena 
demonstrate the existence of an H-pause (valley above hmaxH), and permit the measurement of electron 
densities and collision frequencies therein. 


1. INTRODUCTION 


THE double-refraction of radio waves in an ionosphere with a static magnetic field 
is described by the well-known refractive index equation of Appleton—Hartree 
(APPLETON, 1932). In its complete form including the effects of electron collisions 
it was shown by APPLETON and BUILDER (1933) that the shape of the dispersion 
curves and correspondingly, the nature of the propagation, could be classified into 
two forms, quasi-longitudinal (q.l.) or quasi-transverse (q.t.), according as the ratio 


E sin? | 
y cos @ 


is greater than or less than unity. It may be noted that whether the propagation 
be q.l. or q.t. depends not only upon 6, the direction of propagation relative to the 
magnetic field (of electron gyro-frequency f;,), but also upon the relative magnitude 
of the electron collisional frequency, v. Fig. 1 shows how the ionosphere along the 





any 
cVY 


q.! region 





1 


io 20 30 40 50 60 








Magnetic dip 
Fig. 1. Level of critical collision frequency in ionosphere separating regions of quasi- 
longitudinal and quasi-transverse vertical radio propagation. Values of wy and dip 
appropriate to 75°W geographic meridian. 
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75° W geographical meridian is divided into q.]. and q.t. regions, according to the 
above expression, and recent estimates (NICOLET, 1956) of collision frequency. 

The significance of the terms q.l. and q.t. may be seen by inspection of 
Figs. 2(a, b) and 3(a, b), showing separately for the ordinary and extraordinary 


-(Pure longitudinal case, 2”=0) 


4 














Fig. 2. Ionospheric refractive index for “‘ordinary’’ mode (a), and ‘‘extraordinary’’ mode (b). 
Illustrates the effect of variation of collision frequency (v) about the critical value. 


components the similarity between q.l. and q.t., and purely longitudinal or 
transverse propagation. These curves show the refractive and absorption indices 
(the real and imaginary parts, respectively, of the complex refractive index) as a 
function of X = f,?/f* (proportional to electron density, N(el/em?) = 12,400 fy”), 
and Y = f,/f; the curves are parametric in »/y,, where v, = zf,,(sin® 6/cos 0), the 
‘critical’ collision frequency. It may be seen that the change from » = 0-5r, to 
y = 2v, considerably alters the shape of the dispersion curves for values of X > 1. 
While those for vy > y, correspond more closely to the purely longitudinal case, 
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those for » < y, correspond more closely to the purely transverse case; hence the 
terms q.l. and q.t. 

Another important feature illustrated by the curves is the way the transverse 
extraordinary branch above X = 1, becomes continuous with the ordinary branch, 

















‘ 


Fig. 3. Ionospheric absorption index for “ordinary’’ mode (a), and ‘“‘extraordinary”’ 
mode (b). Illustrates effect of variation of collision frequency about the critical value. 


as v/v, increases through unity. This takes place via an identity* of both modes at 
X = 1, wheny = »,. This phenomena has been discussed quantitatively in terms, 
of mode coupling; detailed analyses (RYDBECK, 1950) show that coupling between 
modes occurs near X = 1 for y near v,, and that it is especially strong in the 


‘critical’ coupling case X = 1, vy = ». 
It may be seen from Fig. 1, that the level » = y, remains at about 70—80 km 
except near the equator where it is well below the ionosphere and is of no interest, 
*In Figs. 2 and 3, the identification of ‘‘ordinary’’ and “‘extraordinary’’ modes above X = | in the 


special case vy = ¥,, is purely arbitrary. We have chosen the representation shown here, in order better 
to illustrate the transition from q.t to q.1. conditions as v/v, passes through unity. 
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and above 80°, where it is located in the H-region. The possibility of observing 
effects due to transitions across this level in vertical soundings at high latitudes 
was suggested by LEPECHINSKY (1956) but the particular effects he envisaged do not 


seem to occur. 

It is the purpose of this paper to show some examples of unusual H-region 
phenomena observed at high geomagnetic latitudes. These phenomena seem to be 
associated with the existence of the critical level, which should occur at these 
latitudes at an altitude of about 112 km. For several of the phenomena, a complete 
and quantitative explanation must await calculation using a full wave treatment, 
and this may be necessary to justify certain practical exploitations suggested below. 
However, an adequate phenomenological explanation may be based upon the 
propagation conditions described above. 


2. PARTICULARS OF THE H-REGION AT THULE, GREENLAND 


Although there is evidence that most of the phenomena to be described can be 
observed at other ionosphere sounding stations (for example, at Resolute Bay, 
Canada, and at one or two of the IGY stations in the Antarctic), the examples and 
explanations to be offered below refer specifically to conditions at the U.S. Army 
Signal Corps’ station at Thule, Greenland. Table | gives pertinent data about the 
location and the H-region overhead. 


Table 1. The #-region over Thule 





Geographic co-ordinates N 76°33’, W 68°50’ 
Geomagnetic latitude N 88°6’ 

Magnetic dip (epoch 1955) 85°36’ 

Gyrofrequency (epoch 1955) 1-434 Mc/s 

Critical collision frequency 2:66 x 104/sec (NicoLET, 1956) 
Height of critical collision frequency 112 km (NIcoLet, 1956) 

Seale height, H (for collisions, at 112 km) 7 km (NICOLET, 1956) 
Height separation between levels v/v, = 0-5 and 


ae Le 
v/V, 2-0. ( H ln ( rs )) 


“Subsolar” f)# (value implied for overhead sun 
from observed diurnal variation for 1958) 3-8 Me/s 





3. THe THIRD MAGNETOIONIC COMPONENT (Z-TRACE) 


The first, and most striking observation to be made of Arctic #-region vertical 
soundings, is the occurrence there of the third magnetoionic component or Z-trace. 
Whereas Z-reflections from the F-region are occasionally seen at lower latitudes, 
the H-region Z-trace appears to be distinctly a polar phenomenon. The Z-trace 
corresponds to reflections at the third, or highest zero* of refractive index (at 
X =1+4+/Y of Fig. 2) and may be termed either the “‘second transverse extra- 
ordinary” level, or the ‘longitudinal ordinary” level. Both terms have been 
employed, and there seems to be little upon which to base a choice. The term 

* In the presence of collisions, the refractive index cannot become zero (as illustrated by Fig. 2) and 
the condition for reflection to be applied is that dn/dX be large. This is the case near the conventional 


reflection levels X = 1 — Y, 1, and1-+ Y. 
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‘““Z-trace’’ will be used here, as it can always be discerned from O and X on the 
surroundings. 

Two different explanations have been offered for the H-region Z-trace, and it 
has not been clear whether either is exclusively the appropriate one. RYDBECK 
(1950), in an elaborate and meticulous study, showed that the coupling mechanism 
should produce this echo in the Arctic H-region. At about the same time Scorr 
(1950) suggested that simple longitudinal propagation could explain all obser- 
vations, and there the matter has rested. In fact both explanations probably apply, 
sometimes simultaneously, as will be seen below. A short review of these two 
explanations is desirable: 

(1) Scorr based his argument on the hypothesis that appreciable radio energy 
will be scattered back from the direction of the (nearly vertical) magnetic field in 
sounding the ionosphere at high magnetic latitudes. Waves proceeding exactly in 
the direction of the field are propagated (according to the curve in Fig. 2(a) for 
purely longitudinal propagation) to the 1 + Y level and there reflected. The only 
other reflection level for this particular case is the ubiquitous extraordinary level 
1 — Y, but reflections from the usual ordinary level (X = 1) would also be observed 
coming from other directions of propagation. The essential observational evidences 
in favour of this mechanism are the following; they are illustrated in the 
characteristic example of Fig. 4. 

(a) Waves producing the Z-trace by purely longitudinal propagation proceed 
to their level of reflection independently of the other modes. Each magnetoionic 
component is therefore recorded throughout the frequency range, and no evidence 
of interaction between modes is observed. 

(b) Even when O and X traces show considerable ‘“‘spread echo” (presumably 
resulting from off-vertical scattering), the corresponding portions of the Z-trace 
are quite well defined, suggesting that it returns from a single direction. 

(c) Multiple echoes of the F-region Z-trace are not seen, and none would be 
expected if the energy returns obliquely from the ionosphere. 

(d) By the suggested mechanism, the Z-mode should be especially strong in 
certain favourable cases of layer tilt, or horizontal gradient, in the direction of the 
magnetic field. In this case estimates of magnetic field strength by measurement 
of fe — fz would be in error by the gradient-imposed variation of the critical 
frequencies. 

Scorr produced evidence illustrating (d) and concluded, on the basis of each of 
these points, that longitudinal propagation was a sufficient explanation of the Z- 
trace. Additional work by ELuis (1953) has verified that the angle of arrival of 
F-region Z-echoes is consistent with the hypothesis that the propagation is 
longitudinal. 

(2) RypBeck developed the conditions for coupling in the Arctic E-region and 
concluded that coupling must occur near the level of reflection of the ordinary wave, 
when the collision frequency nears the critical value. Lower in the layer where 
vy >», the propagation would become essentially quasi-longitudinal anyway, so 
that for ordinary waves reflected near the v = y, level and below, reflections from 
the Z-level should always be seen. 

Qualitatively, in terms of the refractive index variations depicted in Figs. 2 
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Fig. 4. Ionogram illustrating H- and F-region Z-echoes produced via longitudinal 
propagation. 
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Fig. 6. Examples illustrating virtual height variations in the F-region penetration 
Z-trace imposed by the shape of the H-layer, through coupling. 
(a) Retardation of penetration Z-trace at f)L. 
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Fig. 6 (b) Effect of H-region stratification on penetration Z-trace. 
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Fig. 6 (c) Simultaneous occurrence of two penetration Z-traces through coupling and 
longitudinal propagation. 
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Virtual height relationship of multiply-reflected H-region echoes requires that 
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coupling be responsible for the observed Z-reflections. 
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Fig. 10. The limiting upper frequency of the penetration Z-trace (2 Mc/s in this example), 


is a measure of the minimum ionization between the H- and F-regions. 
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Fig. 11. Absorption gap in penetration Z-trace at f,#. 
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Fig. 12. Ordinary-wave F-region reflections are observed above a frequency of 3-0 Me/s, 
although f,£ is 3-2 Mc/s. Note also the small cusp and increased echo strength of the 
F-region ordinary trace above 3-2 Me/s. 





Some magnetoionic phenomena of the Arctic E-region 


and 3, we may conclude* that part of the energy will be reflected from the level 
X = 1 (due to the large value of dn/dX there), the remainder passing upwards to be 
reflected near X = 1+ Y. 

When this occurs, a unique phenomenon to be seen on vertical soundings is 
predicted: at frequencies above f,H the Z-reflection level occurs in the F-region 
(producing the so-called “penetration Z-trace”’). This is the case at the frequency 
f, in Fig. 5. Since the group paths of the Z and O echoes are identical up to the level 


km 


Virtual height, 
a 
° 





3 
ce) 














o 
f, Mc/s 


N? 
Fig. 5. (a, b). The group retardation affecting a frequency f,, reflected at its ordinary 
level of reflection f,°, also affects a coupled Z echo of frequency /, reflected at f,’. 


X = 1, any group retardation showing in the ordinary trace will be similarly evident 
in the Z-trace. Furthermore the Z-trace should cease at the Ordinary critical 
frequency of the H-layer. These characteristics of the Z-trace were recognized by 
RypBeck: he offers one example (his Fig. 23), an example which, unfortunately, 
is not very convincing because the shape of the F-region is such that the F-region 
retardation near f/, could be interpreted as the sole cause of the observed penetration 
Z-trace retardation. 

Other than RypBEcK’s, however, it appears that no examples of this phenom- 
enon are to be found in the literature. Three examples from the many available 
in high-latitude soundings are illustrated in Fig. 6 (a, b, c). Fig. 6(b) is especially 
interesting; a stratification in the H-region, quite marked in the ordinary-wave 
reflections, causes a similar variation in the virtual height of the penetration 
Z-trace. There are also occasions where Z-reflections due to both mechanisms, 
longitudinal propagation and coupling, appear simultaneously, probably along 
different propagation paths. Fig. 6(c) is one such example. 

* The description of the following phenomena will proceed by a qualitative discussion of the refractive 


index variations, rather than from the ‘‘coupling’’ point of view. The term ‘“‘coupling”’ will be retained, 
however, as it concisely describes the conditions under which the qualitative discussion is valid. 
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4. OBSERVATION OF MULTIPLE REFLECTIONS OF COUPLED ECHOES 


An unusual ionogram is illustrated in Fig. 7, where strong multiple echoes of the 
O- and Z-trace from the EH-region have been recorded. Generally, second, third, 
order, etc., multiple echoes are found precisely at two or three times, etc., the 
virtual height of the first echo (except, of course, where oblique reflections occur; 
these are not of interest here). However, the ionogram of Fig. 7 discloses that the 
second Z-trace reflection is not found at twice the virtual height of its first echo, 
but in the same relationship to the ordinary multiple reflection as in the first 
reflection. Obviously, the energy producing the Z-trace multiple echo has been 
once reflected at the ordinary level, indicating that the respective ray-paths are 
indistinguishable below the ordinary level of reflection. 


5. OBSERVATIONS OF A LIMITING UPPER FREQUENCY OF THE 
PENETRATION Z-TRACE 
Consider the diagram of Fig. 8, and the frequency marked f,. Part of this 
energy is reflected at the ordinary level of reflection, (point f,°; here vy > »,) and 
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Fig. 8. Virtual height curves (a) produced by electron density distribution (b). Penetration 
Z-trace disappears through absorption if a sufficiently deep valley exists between E- 
and F-layers. 
part proceeds upward through the H-region, passing as it goes, into increasing, then 
decreasing, electron densities bound for the Z-reflection level (point f,*). At the 
same time. the collision frequency is decreasing steadily, to values vy < y,. 
The dispersion curves for this case are illustrated in Fig. 9. The Z-wave has 
proceeded into the H-layer along the “ordinary” curve for vy > y, to the region A 
on the dispersion curve corresponding to plasma frequency A, the peak of the 
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E-layer in Fig. 8. The dispersion curves for y > v, and vy < », are nearly identical 
in this region. Proceeding to higher levels in the H-layer and to decreasing electron 
densities we must imagine the wave to follow the curve for y < y,. If the electron 
density decreases sufficiently (i.e. if the “valley’’ between the layers is deep enough), 
the wave will find itself in a region of rapidly-increasing refractive index, and 
rapidly-increasing absorption. This region is what exists of the infinity of the 








Fig. 9. Dispersion (9, ,) and (ck/m), curves illustrating absorption of penetration Z-echo 
when ‘“‘valley”’ exists between H- and F-layers. Compare with Fig. 8. 


no-collision refractive index, found at X = (1 — Y?)/(1 — Y? cos? 6). Thus the 
frequency f, never reaches the level of reflection f,*, being absorbed somewhere in 
the valley between the layers. A lower frequency, f, in Fig. 8 reaches the point A’ 
on Fig. 9, at the peak density of the H-layer; its subsequent travel to higher levels 
through the ‘‘valley”’ does not bring it into the region of strong absorption, but 
only to the point Bb’, Fig. 9. Past the minimum electron density B, the wave 
proceeds again into increasing electron densities to its reflection point (f,* in Fig. 8) 
and by reversing the entire process, passes out of the ionosphere and appears as a 
Z-echo on the sounding. A typical ionogram illustrating this is Fig. 10. The upper 
limiting frequency of the penetration Z-trace therefore measures the minimum 
density in the valley (a plasma frequency of 2 Mec, or 30 per cent below N,,,,/ in 
this example). 

That this phenomenon could give information regarding the existence of a 
minimum of ionization, was pointed out by LANDMARK and Lieb (1957). It should 
be noted that the qualitative argument presented here does not indicate exactly 
how the electron density at the valley minimum is related to the upper limiting 
frequency of the penetration Z-trace. This relation depends in a complex way upon 
the gradient of ionization near the minimum, the exact variation of reflectivity 
with frequency (which in this case demands a full wave treatment), and upon the 
sensitivity of the ionosonde. However, it appears from the observations that the 
limiting frequency is overtaken quite rapidly; the minimum electron density is 
therefore slightly underestimated, but probably only by an insignificant amount. 
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6. A “GaP” IN THE PENETRATION Z-TRACE 


A common type of Z-trace is that illustrated in Fig. 11. No evidence of coupling 
such as that described in Section 3.2 can be observed; that is, there is no evident 
retardation of the penetration Z-trace near f,H. However, the ‘“‘gap” observed in 
the penetration Z-trace at f,H appears to be evidence for an interaction between 
modes in the following way: 

We presume that the observed Z-echoes are produced in this case not by 
coupling, but by purely longitudinal propagation of the kind described in Section 
3.1. Supporting evidence for this is the fact that the present phenomenon is more 
prevalent: 


(a) At moderately high, but not highest, magnetic latitudes where the critical 
collision level (hence the level of strongest coupling) is found well below 100 km 
(of Fig. 1), and therefore #-region coupling is weak. 

(b) In the early and late hours of the day at the highest magnetic latitudes, at 
which time the #-layer is found at a greater height than midday, hence at a level 
well above the critical collision level where again, coupling is weak. 


In either of these cases, longitudinal propagation will suffice to explain the 
production of the H-region Z-echo, the penetration Z-echo, and all of the F-region 
Z-echo. As discussed in Section 3.1, continuous Z, O and X traces throughout the 
E and F regions may be explained by simultaneous propagation of the type q.l. 
(for the X and Z), and q.t. for the O and X). Any coupling occurring at the 
ordinary level of reflection may be weak due to the small value of v/y,. So long as 
the wave is reflected in the #-layer where the gradient dN/dh is large, the wave 
spends little time near the ordinary reflection level X = 1, and weak coupling has 
imperceptible effect. But conditions are different at the peak of the H-region. 
There, the gradient of ionization is zero; X = 1 over a finite interval of height 
(which will be an especially large interval in the case (b), above, when the H-layer 
peak is relatively broad). Thus for waves penetrating to the peak of the layer, i.e. 
just in the vicinity of {,#, coupling does become predominant; the energy travelling 
as a longitudinal ordinary wave is transformed into the q.t. ordinary mode which 
is strongly absorbing near X 1. The width and sharpness of the gap therefore 
depend upon the broadness of the H-region peak and the efficiency of the coupling 
mechanism. 

Again, the phenomenon may be discussed qualitatively in terms of the 
refractive index variations of Figs 2(a, b). Exactly in the direction of the magnetic 
field, the curve for purely longitudinal propagation (Fig. 2a) applies; at slight 
angles to the field (small 4) the curve for y < », is appropriate. Considering only the 
penetration Z-trace, it is clear that there exists a range of 9 over which appreciable 
energy can pass the level X = 1 provided that level is traversed suddenly. When 
the level X = 1 occurs at the H-layer peak, this is no longer true; attenuation 
(large anyway in the #-region) occurs at X = 1 for all but a very much smaller 
range of @ and little energy is able to penetrate further to the level X = 1+ Y. 
In effect, the situation is similar to that considered in Section 5, but with a “‘valley”’ 
completely filled in to the density at f,#, giving a broad region in which attenuation 


can take place. 
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7. ParTIAL TRANSPARENCY OF THE H-LAYER TO THE ORDINARY MODE 


It is characteristic of radio reflections from the usual thick ionosphere layers 
(i.e. not sporadic-£) that, for a given mode, reflection is essentially total up to the 
corresponding critical frequency. That is, higher layers are totally occulted for 
probing frequencies below the critical or “‘penetration” value. This conclusion also 
follows from ray theory. From a wave point of view (RypDBECcK, 1944) it is clear 
that particularly in the H-region some energy penetrates beyond the reflection level 
at frequencies below f,H; however, long experience with H-region soundings has 
demonstrated that this effect is rarely, if ever, observable with ordinary equipment. 

Consider the ionogram of Fig. 12: the frequency f)# is observed to overlap the 
minimum ordinary frequency from the F-region, f°min/’, by about 0-2 Me. That is, 
the H-layer is evidently partly transparent to the ordinary wave in this frequency 
range; no such overlap is observed at f/f, or f,H. Careful inspection of Fig. 12, 
will also show, in the F-region trace just at f,# that another slight penetration 
“cusp” appears, which quickly coalesces at higher frequencies with the overlapping 
echo to form one F-region ordinary-wave trace. 

It is instructive to consider the diurnal variations of these characteristic 
frequencies. In Fig. 13, the quantities [,H, fyH, f,.A and f°min# are plotted, as 
indicated, for Thule, 23, 24 April 1957. It may be noted that the overlap between 
foH and femin’, does not exist when f,# is less than approximately 2-8 Mc, but 
occurs for higher values of f)H (local times between about 0600 and 1700 at this 
season). The magnitude of the overlap varies considerably, but it appears that 
fo min ¥ remains nearly constant while f/,# goes through its normal diurnal variation 
in accordance with the varying solar zenith angle. 

To advance an explanation of this phenomenon, we will assume that at about 
0600 local time at this season at Thule, the peak density of the H-layer comes down 
through the level at which »y = r,, and that this happens when f,# is about 2-8 Me. 
During the middle part of the day, the entire sub-peak H-layer (plus some of the 
supra-peak portion of the layer) is then in a region where v > »,, that is to say, a 
q.l. region. Now consider Fig. 14(a,b) which represents the situation at, say, 1200. 

A frequency /, arrives at its ordinary reflection point (f,° in Fig. 14a, b). Here 
X = 1and although y > »,, we must suppose that sufficient variation in refractive 
index occurs at this level to reflect some energy and thus account for the observed 
ordinary-wave echoes. The refractive index curve appropriate to the wave in this 
case is the curve for vy > y, in Fig. 15. Part of the energy of f, passes beyond the 
level X = 1, and on into increasing, then decreasing, electron densities. At the 
same time, the form of the refractive index curve is changing as y changes, ulti- 
mately becoming similar to that for » < », in Fig. 15. These changes in refractive 
index occurring above X = | are slight, and do not appreciably affect the propa- 
gation of the energy. However, near the upper level where X = 1, and where 
y < v,, the energy will be strongly absorbed, due to the large value of the absorption 
index which develops there. Thus no reflection from the F-region will be observed 
at f,. It should be noted that if the valley between the H- and F-layers were “‘filled 
in” sufficiently that X could not approach unity for this frequency, then F- 
reflections would be observed, as a penetration Z-trace at f,. This is precisely the 
situation discussed in Section 3.2. 
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Fig. 14. Virtual height curves (a) produced by electron density distribution (b). 
Transparency of E-region to ordinary mode occurs for frequencies near f, but not f;. 








-(4 
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Fig. 15. Dispersion curves accounting for transparency of the H-region to ordinary- 
wave echoes below f)Z. 


Now consider the frequency f,. Its behaviour up through the H-region peak 
will be the same as f,: part of the energy will be reflected at f,°#, and part will pass 
on to increasing, then decreasing, densities in accord with the curve for vy > r, in 
Fig. 15. However, the frequency f, is such that on the topside of the H-layer, it 
traverses its second level X = 1 where » is still greater than »,. Thus no strong 
absorption takes place at this level, as it did for f,; this portion of f, passes on 
through the valley and on into increasing densities in the F-region. However, v has 
been decreasing rapidly with height, so that as f, enters increasing F-region 
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densities it follows essentially the Ordinary vy = 0 curve of Fig. 15. It is reflected 
at X = 1 in the F-region (point f,°F in Fig. 14 a, b) and by reversing the entire 
process appears on the ionogram as an ordinary F-region echo below fy#. The 
small additional “‘cusp” in the F-region reflection at f,# of course represents the 
usual F-region minimum frequency. 

For a quantitative comparison of this hypothesis with observed H-region 
diurnal behaviour, it is necessary to know with some accuracy the diurnal variation 
of h,,,.H and to have some idea of the shape of the H-region profile abo ve this level. 
Unfortunately, H-region N(h) profiles are exceedingly difficult to obtain with 
sufficient accuracy from the usual vertical soundings, especially in the Arctic. 
However, we may attempt to estimate the magnitude of the present phenomenon 
under the assumptions that: 

(a) The H#-layer behaves as a simple Chapman layer of 7 km scale height near 
its peak. 

(b) When the present phenomenon first develops, the height of the peak 
(0600 in April) is precisely the height of the critical collision level. This is 112 km 
according to the best present estimates of collision frequency, magnetic dip, and 
gyro-frequency given in Table 1. 

The Chapman layer is given by 

fylfwmax = exp 4(1 —z — sec ze~*) (1) 
where z is measured from h,,,,(y = 0) in units of scale height (H). Also for a 
Chapman layer, 
z = Insec x. 


For the mean value of 7 appropriate to Thule, April noon, this gives z = 1-67 ata 


height of 112 km. When inserted in equation (1), this gives fy/fymax = 0°75. Thus 
fy = 2-9 Me/s at 112 km at noon, based upon the Thule subsolar fo#( = fymax) given 
in Table 1. This seems slightly too low by comparison with the observations of 
Fig. 13, suggesting that the topside of the #-region may be slightly thicker than a 
Chapman region. This is not unexpected, in view of the fact that frequently no 
evidence for a valley may be observed at all. 


8. APPLICATIONS 

The phenomena described above appear to offer several opportunities for unique 
and precise measurements of Arctic H-region collision frequencies and electron 
densities above h,,,,#. Measurement of the upper limiting frequency of the 
penetration Z-trace gives an estimate of the depth of an H-region valley. Obser- 
vation of the quantity f°, /, when different from f,#, gives another point on the 
valley electron density distribution, the height of which is known quite accurately 
if the height of the level y = », is known. If an applicable ‘‘true height’’ method is 
available (and also H-region soundings of high accuracy), then the height of the 
level y = y, may be determined as the height of h,,,,# at the diurnal beginning or 
end of the “‘overlap’’ phenomenon. This may be used to locate accurately a point 
on the »(h) distribution, provided f;, and 6 are known. Finally, amplitude measure- 
ments of coupled echoes are capable of providing further collision frequency data. 
An investigation of Arctic and Antarctic ionograms by these methods is now in 
progress. 
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SUMMARY 


Abundant evidence exists to demonstrate that magnetoionic coupling can 
occur in the H-region at high latitudes, and is manifest by several unique 
phenomena. A qualitative inspection of the applicable dispersion curves can 
account for most of these phenomena, but much useful and interesting work 
remains to be done on their variable time occurrence. Several of the phenomena 
will permit new information to be obtained regarding the existence and extent of 
an H-pause, and of the magnitude of H-region collision frequencies. 
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Abstract—The variations in the daily values of the flux of solar radio noise at 4 10-7 em (@) and the 
E-layer character figure (Jz) have been studied for the period of the IGY. It is found that ® lags behind 
Jz by about 14 hr. The ratio Jz/@ fluctuates above and below its normal value and the reasons for 
these changes have been examined. Troughs in Jz/® are attributed partly to increases in geomagnetic 
activity which cause a decrease in Jz, and partly to the presence of active regions on the sun’s disk 
which tend to emit relatively more radio noise than the quiet sun. Peaks in Jz/® are associated with the 


absence of these active areas. 


1. INTRODUCTION 


THE close correlation between monthly mean values of solar radio noise flux at 
210-7 em, as measured by Mepp and CovrneTon (1958), and the intensity of the 
ionizing radiation causing the H-layer, as indicated by the character figure 
(f,2)* sec 7, has been demonstrated by DENIssE and Kunobv (1957) and Minnis and 
BAzZARD (1958). More recently, Kunpvu and DENISSE (1958) have shown that this 


correlation also exists for daily values of these two indices of solar activity. The 
rather low accuracy of the #-layer data available to KunDU and DENISSE limited 
the conclusions which could be drawn from their analysis which was restricted to 
the use of 5-day mean values of the H-layer index for 2 months in each of a number 
of years. 

For the period of the IGY (July 1957—December 1958), Minnis and BazzarpD 
(1959a) have produced a daily H-layer index (J;,) which is probably more accurate 
than that available to Kunpu and Denissr. This index has allowed a more 
detailed examination to be made of the relation between the daily values of the 
flux of solar radio noise at A 10-7 em (®) and of the H-layer ionizing radiation as 
represented by J. Whilst, in general, the findings of Kunpu and DENISSE were 
confirmed, some deviations from the normal relation between the two indices were 
found and are discussed below. The existence of these deviations is of importance 
because it is sometimes asserted that, since the behaviour of all solar indices is 
similar, it is necessary to use only a single index of solar activity for all purposes 


2. THe PHASE DIFFERENCE BETWEEN J, AND © 
A visual examination of the day-to-day variations in the two indices suggested 


that there was a short-term phase difference between them: ©® lagging behindJ, 
by about 1 day. In order to test this possibility the method of superposed epochs 


was employed. 


* Official communication. 
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2.1. Method of analysis 

The erratic fluctuations in J, are estimated to have an s.d. of about 2 per cent. 
Throughout this analysis, 3-day running means of J,, and ® were used to smooth 
the day-to-day fluctuations. From the 18 months data available, twelve well- 
defined peaks in ® were selected. Taking the day of the peak value as a reference, 
the mean value of ® for that day and the values for each of the three preceding and 
the three succeeding days were found for the twelve occasions. The corresponding 
mean values of J,, and of the daily sunspot number (/) were also determined using 





























0 
Days 


Fia. 1. Superposed epoch diagrams for ®, Jz and R centered on days characterized 
by peaks or troughs in @: (a) 12 peaks in ®; (b) 13 troughs in ®; (c) peaks and 
troughs combined; A difference from maximum value; — x — x — ®; O—O— Jz; 


ee Pk. 


the same reference day and the curves thus obtained are shown in Fig. l(a). A 
similar process was applied to the periods of 7 days centred on thirteen troughs in 
®. The curves obtained in this way are shown in Fig. 1(b). The appearance of 
Figs. 1(a) and 1(b) indicates that the phase differences obtained using both peaks 
and troughs in ® are probably very similar and it seems reasonable to combine 
both sets of data. The resulting curves, derived from the superposition of twenty- 
five epochs, are shown in Fig. I(c). 

In order to estimate more accurately the phase difference between J,, and ®, 
a best-fit parabola was fitted to each set of points using a formula due to AITKEN 
and quoted by APPLETON and Lyon (1957). The time at which the maximum of 
the fitted parabola occurs in each case is indicated by a vertical line in Fig. l(c). 
It was possible to fit two slightly different parabolas to the points for J, depending 
on whether the seven points selected were centred around the reference day for ®, 
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or around the day on which the peak value of J; occurred. The best estimate for 
the position of the maximum in J, was assumed to be the mean of the maxima 
given by these two parabolas. 

The conclusion resulting from this analysis is that there is a phase difference 
between J, and ® with J, leading by 0-60 days (~14 hr). There is no significant 
phase difference between ® and R. 


3. THE RELATIVE MAGNITUDES OF J, AND ®O 


While examining the relation between daily values of ® and J,, it was often 
found that, for periods of a few days, the ratio J;,/® differed considerably from the 
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Fic. 2. Relation between 3-day mean values of H-layer ionization index (Jz) and solar 
radio noise flux () at 410-7 cm for August 1957. Values of Jz/M: @ typical; A high; 
VY low; Jz/® = ]-49. 


values typical of the rest of the same month. This is illustrated for August 1957 in 
Fig. 2 where 3-day mean values have been plotted in order to reduce the scatter 
and to make the divergencies clearer. Two isolated groups of points are clearly 
discernable; these lie, respectively, above and below the line representing the 
approximate average value of J,,/® for the month. These divergences cannot be 
the consequence of the phase difference described in Section 2 because displacement 
of one of the indices by 1 day produces the same result. 

From an investigation of the whole period of the IGY, it has been found that 
the variations in the ratio J,,/® cannot be attributed to a single cause. It appears 
likely that peaks in the ratio may be due to solar effects while troughs in the ratio 
may be due to a combination both of solar and terrestrial controls. These 
differences are discussed in Sections 3.1 and 3.2. 


3.1. Troughs in J ,/® 

A trough in the ratio J;,/® was defined as a sequence of at least 4 days during 
which there was a decrease in the value of the ratio of about 10 per cent referred to 
the values before and after the trough. Using this definition, thirty-one troughs 
were identified during the period of 18 months under consideration. 

3.1.1. Association of troughs with magnetic activity. A cursory examination of 
the dates of occurrence of the troughs suggested some association with magnetic 
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activity. Disturbed magnetic periods were selected to test this supposition, a 
disturbed magnetic period being defined as a sequence of 1 or more days which had 
an Ap figure at least ten units above the normal level for the period being 
considered. 

The occurrences of the J,,/® troughs and the Ap peaks are combined in Table 1 
in which the expected frequencies of occurrence of the four categories of events 
are indicated in parentheses. 

On applying the 7?-test of significance to these figures, it was found that the 
probability that the observed distribution could have occurred by chance was less 


Table 1. Occurrence of troughs in J;/® and peaks in Ap 





Troughs in Jz/® 


Present Not present 


Peaks Present 26 (15-4) 29 (39-6) 
in Ap Not present 5 (15-6) 51 (40-4) 


Total 31 





than 0-001. It is concluded, therefore, that the troughs in J,/® are associated with 
periods of high magnetic activity. 

3.1.2. Association of troughs with solar active regions. In order to examine the 
possibility of an association of troughs in J,,/® with the passage of active regions 
across the sun’s disk, a crude daily index of active regions was constructed using 


data given by TRoTrEeR and RosBerts (1958, 1959), each of whose classifications of 
the intensity of active regions (a to e) was allocated a numerical value in the range 
1 to 5. A daily index figure was then calculated by taking the sum of the numerical 


Table 2. Occurrence of troughs in J,/® and peaks in the active region index 





Troughs in J,/® 
: Se ears ae eee nee Total 
Present Not present 


7 Present 13 (8-1) 7 (11-9) 
re present 13 (17-9) 31 (26-1) 
index | 


Total 2 38 





values allocated to the active regions where they overlapped and assuming that 
each area remained uniformly active for 7 days on each side of the date of CMP. 
Using this index of active regions as a guide, all periods were extracted which 
had an index figure above the normal level. These periods were designated as 
periods of high activity and again a 2 x 2 table (Table 2) was constructed showing 
coincidences of troughs in J;,/® with these periods. The amount of data available 
for this analysis was less than for that in Section 3.1.1 because the observations on 
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active regions were available only up to September 1958. The probability that the 
observed distribution could have occurred by chance is less than 0-01. It is 
concluded that troughs in J,,/® are also associated with a high degree of activity 
on the sun as indicated by the intensity and number of active regions present. 

It should be mentioned here that no significant association could be found 
between the presence of solar-active regions and disturbed magnetic conditions for 
the period of observations which has been used in the above analysis. The results 
obtained above are, therefore, statistically independent and it is concluded that 
troughs in J;/® may be associated both with certain solar events and with 
terrestrial magnetic disturbances. 


Table 3. Occurrence of peaks in Jz/® and troughs in the active region index 





Peaks in J;/® 
Total 





Present Not present 


, ‘ ot Ss , P 
Troughs in Sp naaer 10 (6-0) 


active region .. 
: i Not present 7 (11-0) 


int lex 


Total 





3.2. Peaks in J,/® 

A peak in the value of J,,/® was defined in a manner analogcus to the definition 
of a trough. The dates of occurrence of such peaks in the ratio during the period 
under examination were noted. 

3.2.1. Association of peaks with magnetic activity. It has been shown in Section 
3.1.1 that troughs in J;,/® are associated with high values of the magnetic-activity 
index. It might be assumed, conversely, that peaks in J,,/® would occur when 
magnetic activity was low. This assumption, however, was not supported by the 
data available for days when peaks in J,/@® occurred. It is concluded, therefore, 
that peaks in J;,,/® are due to causes other than very low magnetic activity. 


« 
e 


J,,/® during periods when active regions were absent from the sun’s disk, or only 
of low intensity, was examined in a manner analogous to that employed in Section 
3.1.2. The distribution of coincidences obtained is shown in Table 3. The 
probability that this distribution could have occurred by chance is 0-014 and it is 
concluded that peaks in J,,/® tend to occur when active regions are absent from 
the sun’s disk or only of low intensity. 


4. Discussion 


4.1. The phase difference between indices 


It has been shown in Section 2 that there is a difference in phase between the 
ionizing radiation producing the #-layer and solar radio noise at 4 10-7 em, while 
there is no difference in phase between radio noise and sunspot number. The reason 
for this phase difference is not readily apparent. 
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If the H-layer ionizing radiation is generated at a lower level in the sun’s 
atmosphere than the solar noise at 2 10-7 cm, then an upward-moving disturbance 
of the type described by Wi1xLp (1950) would cause an increase in J , followed by an 
increase in ®. This explanation, however, does not appear to be applicable to the 
phase difference of 14 hr referred to in Section 2; a very much shorter delay 
would be expected from the velocities deduced from radio spectrograms. 

It is interesting to note that ALLEN (1948) has reported that H-layer ionization 
lags behind sunspot number by about 13 days while KitnpENHEUER (1946), using a 
different method of analysis, found a lag of between 2 and 5 days. These results 
are not necessarily inconsistent with the 14 hr phase difference described here since 
the long-and-short-time differences could arise from long- and short-term changes 
in J, and ® which result from different mechanisms. 


4.2. Short-term changes in the ratio J,/® 


It has been shown in Section 3 that periods of a few days frequently occur during 
which the ratio J,,/® is greater or iess than its normal value. The peaks in J,,/® 
appear to be associated with periods when the number or intensity of active regions 
on the sun’s disk is small, while the troughs tend to occur when the active regions 
are large in number or intensity. The troughs in the ratio are also independently 
associated with disturbed terrestrial magnetic conditions. 

It is suggested that the association of troughs in J,/® with magnetically- 
disturbed conditions is probably due to a decrease in J, without a corresponding 
decrease in ®. This is possible because it has been shown by BEYNoNn and Brown 
(1959) that during disturbed magnetic conditions the noon value of f,# at temperate 
latitudes is depressed; such a depression would have a corresponding effect on the 
value of Jy. 

The occurrence of peaks and troughs in J,/® in association with the incidence 
of active areas on the sun’s disk may be explained by assuming that the 
characteristic value of J,,/® for the quiet sun is greater than that for the localized 
active areas. Such an explanation implies that the monthly mean value of J,,/® 
would show similar changes over a solar cycle since the number and degree of 
activity of active regions is much greater at the maximum of the cycle than at its 
minimum. 

There is some support for this suggestion in the long-term relation between 
monthly mean values of an #-layer index (J;,) and of ® which has been given by 
Minnis and Bazzarp (1959b), 


I, = 1550 — 1-0 x 10-3? + 14. (1) 


In the present context J, may be regarded as approximately equivalent to the 
monthly mean value of J;,. Substitution in this equation of typical values of ® for 
minimum and maximum phases of the solar cycle leads to values of J,/® which 
show a reduction in the ratio similar to that observed in the daily variations of 
J ,|® for the period of the IGY (Table 4). The larger range of the ratios of the daily 
values is to be expected considering that the monthly values are approximate means 


of the daily values. 


295 





G. H. Bazzarp 


5. CONCLUSIONS 

The relation between daily values of solar noise flux at 4 10-7 em (®) and the 
intensity of ionizing radiation of the #-layer (J;,), as measured by (f,#)* sec , has 
been examined. It has been shown that while, in general, there is a close correlation 
between the two quantities, there are some short-term systematic differences in 
their behaviour when they are considered in detail. 

A phase difference has been found between J, and ®, the latter lagging behind 
the former by approximately 14 hr. The reason for such a phase difference is not 
apparent. 

Table 4. Variations of Jz/® and J;/® with solar activity 





P] tod Ratio of indices 
1ase Of Solar 


activity T,/® (monthly) J,/® (daily) 


Low 1-59 (1954) 1-65 (peaks) 
High 1-30 (1958) 1-15 (troughs) 





It has also been shown that the ratio J,,/® frequently departs from its normal 
value for short intervals of a few days. It is suggested that these departures are 
the result partly of solar and partly of geomagnetic controls. The value of J;,/® 
characteristic of active areas on the sun may be different from the value for the 
quiet sun with the result that peaks and troughs are produced in J;,/® depending 
on the incidence of active areas. In addition, troughs may also be produced in 
J,,/® owing to a reduction in the value of J, resulting from a depression of H-layer 


ionization during magnetic disturbances. 


Acknowledgement—The work described was carried out as part of the programme 
of the Radio Research Board. The paper is published by permission of the Director 
of Radio Research of the Department of Scientific and Industrial Research. 


REFERENCES 


ALLEN C. W. 1948 Terr. Magn. Atmos. Elect. 58, 433. 

APPLETON E. V. and Lyon A. J. 1957 J. Atmosph. Terr. Phys. 10, 1. 

Brynon W. J. G. and Brown G. M. 1959 J. Atmosph. Terr. Phys. 14, 138. 

DENISSE J. F. and Kunpu M. R. 1957 C. R. Acad. Sci., Paris 244, 45. 

KIEPENHEUER K. O. 1946 Mon. Not. R. Astr. Soc. 106, 515. 

Kunpvu M. R. and DentsseE J. F. 1958 J. Atmosph. Terr. Phys. 18, 176. 

Mepp W. J. and Covineton A. E. 1958 Proc. Inst. Radio Engrs, N. Y. 46, 112. 

Minnis C. M. and Bazzarp G. H. 1958 Nature, Lond. 181, 1796. 

Minnis C. M. and Bazzarp G. H. 1959a = J. Atmosph. Terr. Phys. 12, 57. 

Minnis C. M. and Bazzarp G. H. 1959b ~=J. Atmosph. Terr. Phys. 14, 213. 

Trotrer D. E. and Roserts W. O. 1958 University of Colorado Report HAO Nos. 

39, 40 and 42. 

and Roserts W. O. 1959 University of Colorado Report HAO Nos. 
43 and 44. 

Wip J. P. 1950 Aust. J. Sci. Res. A 3, 399. 


Trorrer D. E. 





Journal of Atmospheric and Terrestrial Physics, 1960, Vol. 18, pp. 297 to 305. Pergamon Press Ltd. Printed in Northern Ireland 


A monthly ionospheric index of solar activity based on F2-layer 
ionization at eleven stations 
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Abstract—A monthly index has been constructed, for the period 1938 to date, using monthly mean or 
median noon values of f,/'2 at eleven widely-distributed stations. The correlation between f,/'2 at noon 
and this index is significantly greater than that between f,F2 and either the 3 month weighted mean 
sunspot number or the monthly mean solar radio noise flux at 2800 Mc/s. Numerical estimates have been 
made of the errors incurred in forecasting noon and midnight f,/'2 several months ahead using these three 
indices as guides to the trend of solar activity. 


1. INTRODUCTION 


A METHOD for deriving an index of solar activity based on the ionization in the 
F2-layer has been described by Minnis (1955). If f,, represents the mcnthly mean 
or median f,F2 at noon at a given station and R, = }(R,_, + 2R, + R,.,) 
represents the weighted mean Zurich sunspot number for the month n, the method 
requires the derivation of the linear regression coefficients relating f,, and R3. 


Having obtained regression lines of the form: 
R, = afy — B (1) 


for each month of the year for a given station, the measured values of fy are 
substituted in equation (1) to give a series of values R,’. 

The index J,:, tabulated by Mrynis (1955) and revised by Minnis and 
BAZZARD (1959), is defined as the mean value of FR,’ for the three stations: Slough, 
Huancayo and Watheroo. Since only three stations were used, the value of J. for 
some months was often affected to a fairly large extent by unusually large or small 
values of f,F2, and hence of R,’, at one of the stations. Moreover, if a measured 
value of f, F2 was not available for a particular month, the value of I. based on 
the remaining two stations could not be regarded as reliable. 

In view of these considerations, it seemed advisable to construct revised tables 
of I. using the same method but including data from a much larger number of 
stations. It was decided to include not less than nine stations for which data were 
available back to 1945 or earlier and which were located in such a way as to give a 
sample of data over a wide range of latitude and longitude. It was later found that 
these minimum conditions could easily be met and that, in fact, data for twelve 
representative stations were available back to 1942. ; 


2. CONSTRUCTION OF THE NEW INDEX Ip 


It has been noticed that, during the recent periods of very high solar activity, 
the median values of f,/2 at Watheroo are much lower than would be expected 
from past experience; for this reason, Watheroo has not been included among the 


* Official communication. 
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stations used in constructing the new index. For the remaining eleven stations the 
values of R,’ were determined using equation (1) with the coefficients « and 6 
obtained from analysis of the data for the years 1942-1957. The median value of 
R,' for each month of this period was then determined and adopted provisionally 


as the new index J po. 
It seemed preferable to exclude any stations which consistently tended to give 


values of R,’ which lay far above or below the median value for the eleven stations. 
A test was devised to find whether any stations ought to be excluded on these 
grounds. The number of months (NV ,,N,) in which each station was responsible for 


Table 1. Variability index (N;,/N,) 





Station N,/Na 


Washington 2-23 
Tokyo 1-89 
Churchill 1-54 
San Francisco 1-34 
Slough 1-25 
Fairbanks 1-18 
Puerto Rico 1-15 
Delhi 1-07 
Huancayo 0-96 
Canberra 0-94 
Christchurch 0:93 





(a) one of the two highest or two lowest values of R’; (b) one of the two values with 
the smallest positive departures from the median or one of the two with the smallest 
negative departures. The ratio NV,/N, was adopted as a variability index which 
seems relevant to the particular requirement mentioned above. The values of this 
index are shown in Table 1 for the eleven stations. , 

It is evident that N,/N, does not decrease rapidly for the stations in the lower 
half of the table and hence no advantage would be gained by omitting a few of the 
stations with the lowest values. In view of this it was finally decided that all the 
eleven stations referred to in Table 1 should be retained and that the median value 
of R,’ for these stations should be used as the new index. The median value of Rf,’ 
was adopted in preference to the mean in order to minimise the effect of occasional 
very high or low values. The final values of I;., determined in this way, cover the 
period January 1942 to date. 

The standard deviation (s) of the differences between J, and the corresponding 
values of R,’ has been calculated. When solar activity is low (I72 = 9), 8 = 11:5; 
when it is high ([,. = 161), s = 17-3. Minnis and Bazzarp (1959) have shown 
that the fluxes of H-layer ionizing radiation and of solar radio noise probably reach 
negligibly-low levels when Iz, ~ —160. Thus Ip, + 160 may be regarded as very 
approximately proportional to the flux of #2-layer ionizing radiation. With this 
assumption, the two values of s just mentioned are both close to 6 per cent of the 
flux. Since eleven values of #,’ are used to determine J,,, the standard error of 
Ty: as a measure of radiation flux is approximately 2 per cent at all levels of solar 


activity. 
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The old three-station values of Ip., given by Minnis and Bazzarp (1959), and 
the eleven-station values are related by the expression: 


Tyo (new) = 1:09[T po (old) — 1]. 


The values of Jp. (new) for 1938-1941 have been calculated using this relation 
since there are not sufficient data to determine I, (new) directly for this period. 
Copies of tables of J. from 1938 to date may be obtained by applying to The 
Director, Radio Research Station, Ditton Park, Slough, Bucks., England. 


COMPARISON OF Jy. WITH OTHER INDICES 


3.1. Applications of indices 

During investigations of the behaviour of the F2-layer over a long period, it is 
often necessary to reduce the measured characteristics of the layer to a constant 
level of solar activity to facilitate the study of variations due to causes other than 
changes in solar radiation. This reduction can only be carried out if an index of 
solar activity is available to which the ionospheric parameters can be referred. In 
another field, the forecasting of future values of f,/2, and of other ionospheric 
characteristics used in planning radio communications, requires the use of an index 


of solar activity. 

Several indices besides the index J» are already available for applications of 
the kind mentioned. The Zurich sunspot number, R, is important because it is 
available for a much longer period than any other index. Since 1947, the solar 
noise flux, ®, at frequencies near 2800 Mc/s has been measured regularly in Canada 
using techniques described by Mepp and CovrneTon (1958). This flux has been 


shown to be closely related to the ionization in the EH-layer by DeENISsE and 
Kunpbv (1957) and by Mrnnis and Bazzarp (1958). 

Kunpbv and DENISSsE (1958) have made tentative comparisons between an 
E-layer index, solar radio noise, and the values of J,. based on data from three 
stations. Their conclusions cannot be compared directly with those discussed in 
Sections 3.2 and 3.3 because they made no direct comparisons with f, F'2. 


3.2. Correlation coefficients 

Some criterion for assessing the relative merits of the indices I7., R, and @ is 
necessary. For F2-layer studies and for ionospheric forecasting, the most important 
criteria seem to be that the index should be as closely correlated as possible with 
fo F2 and that it should be available over as long a period as possible. 

Data from only the stations in Table 1 were used in constructing J. and it 
seemed possible that the correlation between J. and fy F2 might be considerably 
less for other stations. To test whether this was so, two groups of stations were 
selected: data from Group A (Washington, Slough, Huancayo and Christchurch) 
had been used in deriving J. but data from Group B (Ottawa, Lindau, Madras and 
Capetown) had not. For each of the stations in Group A and for each month of the 
year, the linear correlation coefficient, r, was calculated for monthly mean or 
median values of f/,/2 and the corresponding values of Ip,. The same procedure 
was then applied to Group B for alternate months. 
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Since the correlation coefficients for both Groups were high, their distribution 
was very skew and it was necessary to use Fisher’s transformation of r to obtain 
approximately normal distributions to which the usual tests of significance could 
be applied. These tests showed that there was no significant difference between the 
distributions for the two groups and it was, therefore, considered legitimate to 





T T 


(a) 























80 


Fig. 1. The distribution of linear correlation coefficients at noon. 


(a) foF2-IK2; (b) fypF2-Rs; (c) fyF 2-0. 


regard the seventy-two values of r for the combined groups as a sample taken from 


a single parent population (Fig. la). 

Figs. 1(b) and I(c) show the frequency distributions of r for the same stations 
but related to Rz, the 3-month weighted mean sunspot number, and ®, the monthly 
mean solar radio noise flux at 2800 Me/s. 


Table be C efficient of correlat ion of 
Pp 
Sof 4 and three indices 





Index p p +8.e. 


Tee 0 986 0-989 — 0-982 
Ry 0-967 0-974 — 0-959 
© 0-945 0-956 — 0-930 





The data included in each histogram may be regarded as a sample taken from a 
parent population. The estimated values of p for the populations represented by 
the three histograms, and also their standard errors, are given in Table 2. The 
standard errors of the differences p(I 72) — p(R,) and p(Ip2) — p(®) have been 
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calculated and it is concluded that the correlation between f,F2 and Ip» is 
significantly greater than that between f,F2 and either of the other two indices. 
Although p(R;) > p(®), there is a probability of 0-1 that this difference may be 
due to chance and the difference cannot be regarded as significant. 


3.3. Standard error of estimates of fyF2 
It is important to consider how the magnitude of p controls the errors incurred 
when an index is used to estimate f/,/'2. If the regression equation of y on x is used 


Table 3. Standard error of estimates of f,/'2 
based on three indices 
(per cent) 





S.D. of f,F2 





Minimum Mean Maximum 


2-6 Li = 6-0 

3-8 ae 8-8 

5-0 | gl 11-5 
| 





to provide estimated values of y for a given set of values of 2, the standard error of 
the estimates, S,,, is given by: 


wheres, is the s.d. of y; 
r is the correlation coefficient for (x,y). 


If y represents the monthly mean noon f, 2, and r the correlation coefficient for a 
solar index, S, will provide a figure which can be used for judging the relative 
merits of different alternative indices in practical applications. 

The s.d. of fy #2 over the full range of solar activity varies with season and the 
location of the station, but the mean and the minimum and maximum values have 
been determined using the monthly data for the eight stations in Groups A and B 
(Section 3.2). To obtain S, for Ips, R, and , these three values of the s.d. of 
fo F2 have been associated with the three estimates of p quoted in Table 2. The 
values of S,, are shown in Table 3 and illustrate, more clearly than do the correlation 
coefficients, the relatively higher accuracy of estimates made using J 7: as compared 


with those using R, or ®. 
4. THe Use or J. IN I[ONOSPHERIC FORECASTING 


4.1. Origin of errors in forecasts of critical frequencies 

The process of forecasting a critical frequency, such as f,F2, for a date several 
months ahead must be carried out in two stages. For the date in question, it is 
necessary: (a) to forecast the future value of an index of solar activity, such as Ip» 
or R,; (b) to convert the forecast value of the index into the corresponding series 
of hourly critical frequencies. In both these stages, errors will be incurred and the 
error in the final forecast will be a combination of these component errors. 
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4.2. Magnitudes of component errors 


The errors arising in stage (b) for forecasts of f, 2 can be obtained from the 
standard errors of estimate which are given in Table 3. Those occurring in stage (a) 
have also been investigated and numerical values for them are given below. 

Stage (a) implies the extrapolation of an index from the date of its last-measured 
value to the future date for which the forecast is required. During the interval 
between these dates, solar activity will change, partly owing to the long-term 
ll-year solar cycle and partly as the result of short-term fluctuations in solar 
activity which often have a quasi-period of about 1 year. 

Ionospheric forecasts usually refer to dates about 6 months ahead. In con- 
sequence, errors due to inaccurate estimates of the long-term trend will usually be 
much less than those arising from the short-term fluctuations already mentioned. 
The magnitude of these fluctuations has been estimated by calculating the standard 
deviations of the departures of the monthly values of Ip. and R, from their 
respective 12 month running mean values; the s.d.’s are o, = 12-5 for Ip, and 
o, = 17-8 for R,. It seems reasonable to suppose that the variations of Ip. above 
and below its running-mean value represent variations in the solar ionizing 
radiation which lead to corresponding changes in the ionosphere. The much larger 
variations which are characteristic of R, are assumed to be due to changes in the 
sunspot number which are not associated with ionospheric changes. The s.d. of 
this ‘‘non-ionospheric’’ component of the variations in R, is, therefore, given by 
(o,2 — o,7)"* = 12-7. An estimate of the s.d. of this component was made by 
Minnis (1955) using a different method and the value obtained, s.d. = 13-3, is in 
good agreement with the above figure; the same method gave s.d. = 1-1 for Iyp. 

The variations in J,, and R, represented by o, and o, can be converted into 
variations in the critical frequency of the F2-layer using the expression 


1000 df 
a 


O po = 100 om (3) 
where 
po = 8.d. of variations in f,F2 (per cent); 
o = s.d. of variations in the index J above and 
below its running mean; 
1) € Tar eri is > 27 ney) . 

F2-layer critical frequency (f,F2); 

solar activity index; 

(df/d1)/f. 
The magnitudes of df/dJ will be the same whether J. or R, is used because both 
indices are expressed in the same units. The values of m have been determined for 
a representative sample of points which includes all months of the year and latitudes 
between 60°N and 60°S, and for low, average and high solar activity as indicated 
by Ip. = 0, 90, 180. The mean, maximum and minimum values of m have been 
substituted in equation (3), together with the values of o, and o, already discussed, 
and the resulting values of oy. are given in Table 4. 


302 





A monthly ionospheric index of solar activity based on F'2-layer ionization at eleven stations 


4.3. Magnitude of total error 


It is assumed that, for the usual short-term forecasts, the error incurred in 
forecasting the long-term trend in either Jp, or R, will be small. Hence the 
maximum total error in a forecast of fy #2 will be the sum of the component errors 
arising in stages (a) and (b) (Section 4.1); the s.d.’s of these errors are given for 
various circumstances in Tables 4 and 3, respectively. The maximum, mean and 


Table 4. S.D. (per cent) of errors in f,#'2 due to 
errors in forecasts of solar activity 





Solar activity 





High Average Low 


Rs 
Maximum 
Mean 
Minimum 





minimum values of the component errors in each of these tables have been 
extracted and added together for three levels of solar activity to give Table 5 which 
illustrates the range of values within which the s.d. of the error in forecasting fy F'2 
can lie. 

The conclusion drawn from Table 5 is that although the total error may vary 
over a wide range, the s.d. of the errors incurred in using R, is about 45 per cent 
greater than that which would occur if J, were used for forecasting f, F2. 


Table 5. S.D. (per cent) of total error in forecasts of f)/2 





Solar activity 
Component Oa ‘ 
I Low Average High 
errors 
I p2 Q 
Minimum 4:1 5-9 
Mean 75 10-8 
Maximum 13-9 19-8 





The errors in Table 4 are greater than those which would actually occur in the 
extrapolation of the indices because when using a monthly index, rather than a 12 
month running mean index, it would be possible to estimate approximately the 
trend of the short-term fluctuations in solar activity. Hence the s.d. of the extra- 
polation errors would be expected to be less than the s.d. of the fluctuations about 
the 12 month running mean. If this is so, the total errors given in Table 5 are 
greater than would be expected in practice. 
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5. CORRELATIONS AT NIGHT 

Only the correlation of f, 2 at noon with J. has been used to derive the results 
quoted in Section 3. The corresponding correlation for f, 2 at midnight has also 
been investigated for all the stations in Groups A and B except Madras. It has been 
found that although all the noon values of r exceed 0-89, only 82 per cent of the 
midnight values lie above this limit. In general, the lower correlation at night must 
necessarily reduce the accuracy of forecasts of f, 2 but a quantitative estimate of 
the loss of accuracy can best be gained by calculating the standard error of 
estimate, S,, (equation (2)) and comparing the related midnight and noon values. 
The mean value of the ratio S,, (midnight)/S,, (noon) in the sample was 1-4 and it 
was less than 2-5 in 90 per cent of cases. 

The index Jy. is based on f, /2 at noon when the sensitivity of f)F2 to changes 
in wave radiation is much greater than it is to particle radiation. Hence Jy, may 
be regarded as primarily a wave radiation index. At night the relative importance 
of particle radiation in controlling f, F2 is greater than during the day and this leads 
to a reduction in the correlation between f,F2 at night and I7.. To increase the 
accuracy of forecasts of f, 2 at night, it would be necessary to use a particle index 
in addition to I po. 

There appears to be a correlation between the midnight values of r and the 
s.d. of f,#2 which can be represented by the rough empirical relation: s.d. = 
0-4/[(1 — r?)"*] Me/s. The substitution of this expression for s, in equation (2) leads 
to the conclusion that the standard error of estimate at midnight is approximately 
0:4 Mc/s even when r is small. Capetown provides an extreme instance of this 
compensation for low correlation: +r = 0-015, s.d. = 0-17 Mc/s and_ hence 
Sr 0-17 Me/s. 

CONCLUSIONS 

The construction is described of a monthly mean index (J 2) which is based on 
monthly median or mean noon values of f,/2 at eleven widely-spaced locations. 
The correlation between noon f,F2 and this index (p = 0-986) is significantly 
greater than that between f, 2 and either the 3 month weighted mean sunspot 
number (p = 0-967) or the solar radio noise flux at 2800 Mc/s (p = 0-945). The 
standard errors of estimate of noon f, /'2 made using J p2, R, and Mare approximately 
4 per cent, 6 per cent and 8 per cent, respectively. The fluctuations of Ip. above and 
below its 12 month running mean value have a standard deviation of 12-5 units as 
compared with 17-8 units for the 3 month weighted mean sunspot number (£3). 
The errors incurred in forecasting f, #2 several months ahead using Jy, and R, have 
been calculated; representative values of the s.d. of these errors are 6-0 per cent 
for Ip. and 8-6 per cent for R, but the s.d.’s may vary from half to twice these 
values depending on circumstances. The standard error of estimate of f)F2 at 
midnight is approximately 1-4 times as great as at noon. 
Acknowledgements—The writers acknowledge the assistance of Miss F. P. Cowarp 
who was responsible for most of the numerical work described. The work described 
above was carried out as part of the programme of the Radio Research Board and 
is published by permission of the Director of Radio Research of the Department of 
Scientific and Industrial Research. 
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A world-wide semi-annual cycle in the E-layer of the ionosphere 


C. M. Mrynts and G. H. Bazzarp 
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(Received 10 February 1960) 


Abstract—A study of the #-layer character figure for eight stations in the north and south hemispheres 
has disclosed an unexpected semi-annual cycle the variations in which have the same sign in both hemi- 
spheres. The amplitude of the cycle is about +15 per cent near the maximum of the solar cycle but 
vanishes at the minimum. Its origin has not yet been discovered but several possibilities are discussed. 


Ir 17 is assumed that the Z-layer of the ionosphere is a Chapman layer, the 
relation between the intensity (S) of the incident solar ionizing radiation, the solar 
zenith angle (vy) and the critical frequency (f) of the layer near noon can be written: 


S oc f* sec y = Chy. 


The quantity f* sec 7 is usually referred to as the #-layer character figure (Ch,,) and 
it is nominally proportional to the flux of the ionizing radiation which gives rise 
to the layer. 

Since 1947 the flux (®) of the solar radio noise at 2800 Mc/s has been measured 
regularly at Ottawa by Mrepp and Covineton (1958). Comparisons have been 
made by Mrynis and Bazzarp (1959) between the monthly mean values of ® at 
Ottawa and Ch, at Slough. These comparisons show that the slopes of the linear 
relations connecting ® and Ch, vary with the time of year and also that these 
variations have their origins in the ionospheric data and not in the solar noise 
measurements. 

The comparisons of these two indices have now been extended to include the 
values of Ch, derived from data from eight stations covering a wide range of 
latitudes: Lindau, 51-7°N; Slough, 51-5°N; Washington, 38-7°N; Ibadan, 7-5°N; 
Singapore, 1-3°N; Watheroo, 30-3°S; Godley Head, 43-6°S; Port Stanley, 51-7°S. 
The lines representing the Ch,—® relations for each month were drawn for each of 
the eight stations. The values of Ch, corresponding to ® = 70 and 200 (in units 
of 10-*? W m~ per c/s) were then read from these lines. 

For all the stations considered, the value of Ch, corresponding to ® = 70 units 
(the minimum of the solar cycle) remains constant throughout the year. On the 
other hand for ® = 200 units (near the maximum of the solar cycle) there is a 
semi-annual cycle in the magnitude of Ch,. Hence the value of Ch, for ® = 200 
units may be regarded as consisting of two components: a constant background 
component (Chy,) corresponding to the value of Ch, when ® = 70 units, and a 
variable component (Ch y,) such that Ch, = Chp, + Chy,. For each of the stations 
the ratio p, of the monthly mean value of Chg, (= Chy — Chg) to its annual 
mean value has been plotted in Fig. l(a). Figs. 1(b) and 1(c) show the median 
values of p, and p, for the eight stations. The median values have been corrected 
to allow for the annual variation in the distance of the earth from the sun. The 


* Official communication. 
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characteristic features of the variations in Chy, at all the stations are the two 
maxima which occur in January or February and in July or August, and the two 
minima which occur in May and near the end of the year. 

It is important to note that the variations in Ch,, have the same sign in both 
the northern and southern hemispheres. It is difficult, therefore, to attribute them 
to seasonal departures from the simple Chapman layer behaviour which is 
implicitly assumed in calculating Ch,. The variations seem more likely to be due 
to an extraterrestrial influence or to some other cause which affects the northern 
and southern hemispheres in the same way. 





e" .” 


08 


— 


L 

















Fig. 1. The semi-annual cyclic variation in the Z-layer character figure: (a) eight stations, 
high solar activity (D = 200 units); (b) median values of (a); (c) median values for eight 
stations, low solar activity (OD = 70 units). 


The fact the variations in Chg, have an amplitude which is proportional to the 
sunspot number, and which is zero when the sunspot number is zero, suggests 
that the sun may be responsible for them and, in particular, that they may be 
linked in some way with the existence of visible active areas on the sun which are 
strong emitters of corpuscular and photon radiation. The flat peaks in geomagnetic 
activity which occur in March and September are sometimes attributed to increases 
in the incidence of the corpuscular radiation in these months. The corpuscles are 
assumed to be emitted, in a direction normal to the sun’s surface, from two belts 
centred north and south of the sun’s equator. This mechanism would result in a 
high intensity of incident corpuscular radiation in March and September when the 
earth’s heliocentric latitude is high and a low intensity in June and December 
when the earth crosses the sun’s equator. 

There are two main objections to the suggestion that the same mechanism may 
be responsible for the variations in Chy,. These variations vanish at the minimum 
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of the solar cycle while the March and September peaks in geomagnetic activity 
remain. Further, the phases of the Chz, and the geomagnetic cycles differ by about 
two months and it would be necessary, for example, to associate the May minimum 
in Chy, with the March peak in geomagnetic activity. 

It might also be suggested that the semi-annual peaks in Chg, were due to 
beams of photon radiation coming from localized active areas which occur much 
less frequently near the minimum of the solar cycle. Here again, the phase of the 
Chy, cycle is not what would be expected if this hypothesis were valid. If such 
photon beams existed, they ought to be detectable as changes in the daily values 
of Ch,, but a superposed epoch test designed to show this effect did not yield a 
significant result. 

It is at least conceivable that the variations in Chy, may be an atmospheric 
tidal phenomenon. The atmosphere has a period of free oscillation near 12 hr 
and, at the equinoxes, when the day is 12 hr in length at all latitudes, a resonance 
might occur which could ultimately lead to changes in the characteristics of the 
atmosphere at #-layer heights. GreENHOW and NEUFELD (1956) have discussed 
the relation between atmospheric tides and the semi-annual changes in the E—-W 
component of the wind velocity at heights of about 100 km and it is interesting to 
note that these changes are very similar to those in Ch,y,. 

It is probably worth pointing out that the variations in Chz, are also similar to 
those in the equation of time, and that the appropriate allowance for this anomaly 
has already been included in the values of cos 7 used in calculating Ch,z,. Since 
the Ch,, variations have an amplitude which varies with solar activity, it is 
unlikely that there is any connexion between them and the orbital motion of 
the earth. 

The semi-annual variations in Ch, which have been described above do not 
appear to have been investigated in detail before. Unexplained anomalies in the 
E-layer critical frequencies have, however, been referred to by several authors and 
have been summarized by Roprinson (1959). These anomalies seem to indicate 
that the phenomenon was probably present in the data studied by previous 
authors, but that the methods of analysis used were not capable of isolating the 
semi-annual cycle from the much larger changes due to month to month fluctua- 


tions in solar activity. 
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Seasonal variations in the twilight enhancement of [OI]5577 
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(Received 22 February 1960) 


Abstract—Measurements of the twilight enhancement of [OI]5577 were obtained during the period 
September 1957 to December 1958 at Rapid City, S.D. All these measurements were normalized to the 
intensity at sunset or sunrise at a height of 100 km. The results obtained indicate that there was a 
seasonal dependence of the twilight enhancement of [OI]5577 emission. The enhancement occurred most 
frequently in the autumn and winter months, the maximum occurring about 1 November. The enhance- 
ment almost never occurred during the spring and summer months, 


THE twilight enhancement of [O1I]5577 has recently been reported by Mrcit 
(1960). In this earlier paper the night of 6/7 January, 1959, was analysed in detail. 
The present paper is a report of a seasonal variation in this effect, covering the 
period from September 1957 to December 1958. The regular IGY observing 
programme for Airglow, conducted by the National Bureau of Standards, used a 
birefringent filter system which discriminates strongly against the scattered 
sunlight. This instrument enables one to observe much later in the twilight than 
is possible with the conventional dielectric filter photometer. During the IGY, 
observations were carried out with a programme of six almucantars (sweeps at 
constant zenith distance) at zenith angles of 80°, 75°, 70°, 60°, 40° and 0°. One 
such programme was executed every 15 min. These measurements were made as 
early in the twilight, and as late in the dawn, as possible. In looking for an index 
with which to describe the twilight enhancement, it was decided to use the 
intensity at the time of sunset at 100 km height, in the part of the sky being 
observed. In these calculations it is assumed that the sun’s rays are screened from 
the upper atmosphere. The screening height is taken as 35 km. A detailed 
description of the calculations used may be found in the paper referenced above. 

Because the scattered sunlight is the limiting factor in the observations, it is 
advantageous to use data taken at a large zenith angle. For this reason we have 
chosen data taken at 75° zenith angle. Since from the previous study it was 
indicated that the enhanced intensity at all azimuths is essentially the same when 
normalized to the sunset time, only one azimuth was taken. There is also a 
moderate amount of computation involved in each sunset time calculation so that 
it seemed wise to keep the number of points as small as possible. The points used 
were the west-south-west in the twilight and east-south-east in the dawn. The 
data for these points in the sky were plotted against time and a smooth curve 
drawn through the points. The time of sunset, or sunrise, at 100 km was computed 
for each of these points and drawn in on the curve. An average “night sky” 
intensity was extrapolated to this sunset, or sunrise time, and both the average or 
night sky and the enhanced intensities were read off the graph. Two typical 


National Bureau of Standards, Boulder, Colorado. 
South Dakota School of Mines and Technology, Rapid City, South Dakota 
Now at Goodyear Aircraft Company, Phoenix, Ariz. 
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curves are shown in Fig. 1: (a) shows a case in which the enhancement occurs; 
(b) shows a case in which it does not occur. The data read off are shown in Table 1. 
Column (1) gives the date, column (2) the night-glow background intensity J, and 
column (3) the enhanced intensity 7,. Column (4) gives the quantity J, — I which 
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Fig. 1. A plot of the variation of slant intensities, taken at 75° zenith distance, in rayleighs, 

against local time. The slant intensities are not corrected for scattering or extinction. At 

the time of sunset at 100 km the amount of enhancement is the difference between the 

smooth curve drawn through all the points and the heavy straight line giving the average 

‘“‘night-sky”’ intensity. (a) Evening 21 February 1958. Sunset: h = 0; 1763, h = 100; 

1842. Enhancement occurs. (b) Evening 23 October 1956—100 kQ. Sunset: h = 0; 1702, 
h = 100; 1808. No enhancement occurs. 


is the net intensity due to the twilight effect. Column (5) shows the percentage 
enhancement observed. For reference, column (6) includes remarks about the 
weather conditions. An attempt was made to include no data which had clouds in 
the vicinity of the observed region. If clouds were reported anywhere in the sky, 
the notation partly cloudy is used. For reference, notation is made as to whether 
or not an aurora was reported at Rapid City on the night of the observations. 
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Table 1. 





| Occurrence 
| A, 


| Sky conditions 
pve of aurora | 








| 
| 
| 


1750 | | “1: | partly cloudy 
3980 : | . | clear 
1430 5 ): | partly cloudy 
1660 : § | partly cloudy 
2000s : | : oD partly cloudy | 
1540 f “§ clear 
492 57 : clear 

1060 32 clear 
3600 | 0-00 clear 
1400 0-00 clear 

23000 23000 0-00 clear 
1030 | 1290 | 260 0-25 clear 

670 1230 570 0-85 partly cloudy 

1060 | 1530 470 | 0-44 partly cloudy 
1700 2640 | 940 0-55 clear 
9800 9800 0 0-00 clear 

17-10-58 4670 6730 2060 | 0-44 clear 

22-10-58 1930 2400 470 0-24 clear 

29-10-58 2260 3060 800 0-35 clear 

01-11-58 1000 | 1260 260 0-26 clear 

21-11-58 2040 2300 260 0-13 partly cloudy 
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Morning 
380 490 110 0-29 clear 
3820 7200 3380 0-88 clear 
1100 2380 1280 1-16 | clear 
1300 2300 1000 0-77 partly cloudy 
1590 2120 530 0:33 | clear 
-! 1890 2380 490 0-26 | clear 
8-58 2220 2370 150 0-068 clear 
9-58 2560 2560 0 0:00 | clear 
9-58 1990 1990 0 0-00 clear 
9-58 | 790 1280 490 0-61 | clear 
10-12-58 1040 | 2040 1000 0-96 | clear 
17-10-58 | 4440 | 6900 2460 0-56 partly cloudy 
18-10-58 5200 7500 2300 0-44 partly cloudy 
23-10-58 | 6590 9190 2600 0-39 clear 
24-10-58 8410 10700 2290 0:27 clear 
08-11-58 1890 2980 1090 | 0-58 clear 
22-11-58 2340 3360 1020 0-44 | clear 


~I 


a1 


Or Ot Or 
~I 


~I 


or or 
io 2) 





On a few occasions the measured intensity was quite high, but no aurora was 
reported due to the fact that the intensity was fairly uniform over the sky. The 
last column gives the daily magnetic index A, taken from the National Bureau 
of Standards CRPL-F Series reports part B, Compilations of Solar-Geophysical 
Data. 
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The intensities reported here are in rayleighs inside the atmosphere, that is, 
they are uncorrected for extinction and scattering. The increase of the intensity 
towards the horizon (Van Rijhn effect) is also left in since only a relative study is 
being made. 

Plots of the enhanced intensity, and the fractional enhanced intensity are 
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Fig. 2. A plot of the amount of enhancement against day of the year. (a) Ordinate is slant 

intensity in rayleighs, There appears to be a maximum around 1 November. (b) Ordinate 

is the percentage enhancement. There still appears to be a maximum around 1 November, 
although it is not as pronounced as in (a). 


shown in Fig. 2. These plots represent all of the available data of this type. It is 
unfortunate that there are so few points during the spring and summer months. 
Poor weather during these months prevented the gathering of more data. There 
were many other nights during this period when observing attempts were made. 
These nights were eliminated from the formal analysis because of uncertainties 
regarding the effect of the clouds. However, it is perhaps worth noting that 
during the months from March to July no case of enhancement of the 5577 A line 
was noted upon visual inspection of the records. It will be noted also that there 
are some cases of no enhancement during the winter months. 

Although the small number of points available make the method somewhat 
suspect, it is of interest to plot the mean enhancement of all the observed points 
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Fig. 3. A graph of average monthly enhancement against month of the year. At the top 
of the graph are the number of observations made in each month. (a) Ordinate is enhance- 
ment in rayleighs. (b) Ordinate is percentage enhancement. 


for each month of the year. This is presented in Fig. 3. Fig. 3 (a) shows the mean 
absolute enhancement of the line 
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where x is the number of nights observed in the month. Fig. 3 (b) shows the mean 


relative enhancement 


When one looks at data from other IGY Airglow stations it appears that there 
may also be a latitude effect. At Sacramento Peak (32°47’) Manrine and Pertir 
have been unable to detect any such effect. At Fritz Peak (39°54’'N) the effect has 
been observed a very few times, while at Rapid City (44°0’N) the effect is as 
shown here. 

There seems to be no clear connexion between the effect and either the daily 
magnetic index or the occurrence of aurorae. It also appears that there is no 
clear connexion between the intensity of the airglow and the percentage of en- 
hancement. 

The data also indicate a definite seasonal dependence of the twilight enhance- 
ment of the [01]5577 emission from the atmosphere, the maximum enhancement 
occurring on about 1 November. The enhancement occurs most frequently dur- 
ing the autumn and winter months, and almost never during the spring and summer 
months. There is a possibility of a latitude effect with the enhancement occurring 


in the more northerly latitudes. 
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Abstract—A detailed study of the variation of f,/'2 at ionospheric stations in the Asian zone shows that 
the region of maximum f,F'2 varies with the time of the day as well as with the season. The anomalous 
belt of the /'2-layer develops at the equator near sunrise and slowly expands with the progress of the day, 
and is most extended during the afternoon hours. 

Multiple splittings in the F-region and other abnormal P’-f recordings observed at middle latitudes 
are shown to be associated with some striking features in the synoptic distribution of f/,/'2. The abnormal 
recordings can be explained on the basis of horizontal movements in the ionosphere, being in the east— 
west direction before sunrise in the morning or after sunset in the evening, and in the north-south 
direction during the forenoon. 


THE ionospheric stations in the Asian zone have provided a very uniform and wide 
coverage of latitudes between 0° and about 40° N. Rasroct (1960) has pointed 
that the meridional transport of ionizations as guided by the earth’s magnetic 
field would have a uniform effect at different stations in the Asian zone. This 
simplifies the comparison of the ionospheric variations at different stations which 
do not lie exactly on the same longitude. A synoptic study of the £2-layer varia- 
tions over the Asian zone seemed useful in the understanding of some abnormal 
features of the /2-region. 


The co-ordinates of the ionospheric stations of the Asian zone are given in 
Table 1 and the positions of these are indicated in Fig. 1. 


Table 1. Co-ordinates of the ionospheric stations in the Asian zone 





Geographic | Geom. | Magn. Magn. 
Stations Latitude Longitude lat. lat. 
oN °F oN a oN 
Wakkanai 141-7 
Akita 140-1 
Tokyo | 139-5 
Yamagawa | 130-6 
Delhi 
Okinawa 
Formosa 
Ahmedabad 
Calcutta 
Bombay 
Baguio 
Guam Island 
Madras 
NhaTrang 
Tiruchy 
Kodaikanal 
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. The map showing the positions of ionospheric stations operating in the Asian zone. 


The variations of /2-parameters are considered with respect to the magnetic 
dip as the variations of f, 2 at low and middle latitudes are controlled more by the 
real magnetic rather than the idealized geomagnetic latitudes (RastToat, 1959a). 
Magnetic latitude, ~, is derived from magnetic dip, J, according to the relation 

pe = tan (} tan J). 

In order to understand the average position of these stations with respect to 

the region of equatorial geomagnetic distortion of the /'2-layer, the annual mean 
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value of f, 2 for the year 1954 at these stations is plotted against the magnetic dip 
in Fig. 2. The figure shows the well-known geomagnetic control of f,/2 producing 
a maximum around the region of 30° magnetic dip. The station nearest to the 
peak region is Calcutta; Ahmedabad lies just outside and Bombay just inside the 
so-called equatorial trough of f,/2. The Japanese stations are all outside the belt 
of anomalous /2-region. 

When the variations of f,/2 with magnetic dip are studied for each month of 
the year, some significant and consistent changes of the distribution with season 
are noticed. The region of maximum /,/'2 is found to be farthest from the equator 
at about 35° dip during the equinoctial months; it lies at about 30° dip during the 
summer months and is closest to the equator at about 25° dip during the winter 
months. 

This change in the region of maximum f,/2 can be confirmed on comparing the 
diurnal variations of f,/2 at Ahmedabad, Bombay and Calcutta during each of the 
seasons, as shown in Fig. 3. During the months of June—July 1954, the f, #2 for 
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Fig. 3. The diurnal variations of f,/'2 at Ahmedabad, Bombay and Calcutta during the 
three seasons of the minimum-sunspot year 1954. 


any hour is greater at Calcutta than at Bombay or Ahmedabad. Thus the region of 
maximum f,/'2 is very close to Calcutta during the summer months. During the 
months of September—October 1954, the highest values of f)/2 are observed at 
Ahmedabad, though f,/2 is slightly greater at Calcutta than at Ahmedabad 
during the forenoon hours. Thus during the equinoctial months the region of 
maximum /,/'2 is close to Caleutta during the forenoon hours and close to Ahmeda- 
bad in the afternoon hours. During December—January, the highest values of 
fof 2 are observed at Bombay; the values at /,/2 at Ahmedabad being lower than 
Calcutta or Bombay at any of the hours. Thus during the winter months, the 
region of maximum /, 2 is close to Calcutta at the midday hours and close to 
Bombay in the evening hours. This shows that the region of maximum /,/2 
depends on the time of the day as well as on the season. 

The diurnal variations of f,/2 at these stations during the solsticial months of 
January and July are compared in Fig. 4. To complete the whole range of latitudes 
the diurnal variation curves at Sanya during 1942-1943 and at Paramushiro during 
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Fig. 4. The diurnal variations of f,/'2 at the ionospheric stations of the Asian zone during 
the solstices of the minimum-sunspot year. 


1944 are also included in the diagram. The years 1942-1944 were close to the 
period of minimum solar activity, so the variations of f,/2 at Sanya and Paramu- 
shiro can be reasonably compared with the same at other stations during 1954. 

Comparing the diurnal variations of f, £2 at low latitude stations during the 
equinoctial months, Rasroer (1959b) has shown that the times of occurrence of 
the two maxima at these stations get closer with increasing latitude and finally 
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converge to a strong single maximum near the latitudes of Bombay. This was 
interpreted as due to the horizontal motions in the F-region of the ionosphere 
along the meridian towards the poles in the morning and towards the equator 
in the afternoon. 

During winter (January) the diurnal curves at all low-latitude stations show 
two maxima in the day-time. The morning maximum occurs at about 0800 hours 
near the equator and later at about 1000 hours at higher latitudes. Similarly, the 
evening maximum occurs at about 1300 hours at middle latitudes and at about 
1800 hours near the equator. Further, the gradual shift of the time of occurrence 
of these maxima (indicated by the arrows in the figure) is quite evident from these 
series of curves. At latitudes close to that of Ahmedabad the two maxima occur 
at the same time giving rise to a very large single maximum near noon. The single 
maximum at more northerly stations occurs slightly before local noon, which 
further suggests the dynamic features of the F2-layer. 

During summer (July) the diurnal variations of f,/2 are similar to those in 
winter only for the equatorial stations. At high latitudes f,/2 shows two maxima 
during the day, one in the morning and the other in the evening hours. The 
gradual shift in the time of occurrence of the evening maximum is quite clear, but 
the morning maximum is absent at few middle-latitude stations. The evening 
maximum occurs at about 1800 hours near the equator, occurs earlier at increasing 
latitude being at about 1600 hours near Ahmedabad, again occurring later with 
increasing latitudes, being at about 2200 hours near Paramushiro. 

One finds some important differences in the curves for the two solstices at 
some of the stations. At low-latitude stations (dip between 14° and 25°), viz. 
Guam Island, Baguio and Sanya, the noon bite-out of f,/2 was quite prominent 
during the winter months, whereas during the summer months the f,/'2 at these 
stations continued to increase since the time of sunrise up to the evening hours. 

The absence of midday bite-out of f,/2 at low-latitude stations during the 
summer months can be further noticed in Fig. 5 which shows the diurnal variations 
of f, F2 and h’ F2 at Guam Island during the January and July months of 1950, 1952 
and 1954. The variation of f/,/2 during the winter months of any of these years 
shows the double maxima during the morning and evening hours with a minimum 
near noon. However, during the summer months of any of these years, the varia- 
tion of f,/2 does not show any depression around noon hours. 

The midday decrease of f,/2 at the equatorial stations has been ascribed due to 
the vertical expansion, thermal or electronic of the /'2-region (APPLETON, 1955). 
The vertical expansion of the /2-region during the midday hours is evidenced by 
the occurrence of the maximum height of the F'2-layer at or slightly after the noon. 
Comparing the curves of the diurnal] variation of the minimum virtual height of the 
F2-layer (h’ F2) at Guam Island, one finds a greater increase of the height during a 
summer day than a winter one, suggesting a greater vertical expansion of the 
F2-region during the summer. Thus the midday bite-out of f,/2 is quite prominent 
during the winter months when the /'2-region is least expanded and is almost absent 
in the summer when the /2-region is greatly expanded vertically. The theory of 
the vertical expansion of F'2-region does not explain the comparative absence of 
the midday bite-out of f,/2 at low latitudes during the summer months. 
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GUAM ISLANDS 

















HOURS 
Fig. 5. The diurnal variations of f,F'2 and h’F2 at Guam Island during the solsticial 
months of low-sunspot years. 


MaARASIGAN (1958) has shown that the percentage occurrence of the bifurcation 
of the F-region into FJ- and F2-layers during the day-time at Baguio is greater 
during the summer months when there is greatest difference between h’F2 and 
h’F1. Thus the greatest bifurcation of the F-region at Baguio is accompanied 
with the least evidence of the midday bite-out of f,/2. This does not support the 
theory, that the critical frequency of the /'2-layer is decreased due to the separation 


of the F-region into FJ- and F2-layers. 

These facts indicate some inadequacy of the theory of vertical drifts in the 
F-region to explain fully the anomalous behaviours of the /2-layer and suggest 
that the influence of the horizontal transports of ionizations in the F-region are of 
significant importance. 

Synoptic distribution of the critical frequency and height of the F2-layer 

The general distribution of the /'2-ionization can be better understood with the 
contour diagrams showing the Jines of constant critical frequency during a parti- 
cular month on the grid of the local hour and the magnetic dip. Fig. 6 shows such 
diagrams for the months of January (winter), April (equinox) and July (summer) 
of 1954. The contour lines of the height of maximum ionization in the F2-layer 
(1,2) are also superimposed on the f,/2 contour diagrams to inter-compare the 
distributions of the two main characteristics of the #2-layer. With such a diagram 
one can visualize the latitudinal distributions of f/f), 42 and h,F2 at any particular 
local time or the diurnal variations of these quantities at any particular latitude. 
Thus the changes in the latitude and the time of occurrence of the maximum f,F'2 
during any season and its relation to the variation of the height of the F'2-region 
van be easily followed. 

A cursory glance at these diagrams shows that during any of the seasons, the 
height of the #2-layer at any place is greatest during midday hours (between 
1100-1300 hours) and at any particular time is greatest at the equator. 
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Fig. 6. Contour diagrams of the critical frequency and the height of maximum electron 
density of the #'2-layer on the local hour vs. magnetic dip co-ordinates during the months 
of January, April and July 1954. 


During any of the months, the latitude of maximum /, 2 varies systematically 
with the time of the day. The region of maximum /,/2 is near the equator at 
sunrise, gradually shifts to higher latitudes with time, and is farthest away from 
the equator at about 1400-1500 hours and this anomaly vanishes by 2100-2300 
hours. 

The shift of the region of maximum /,/'2 with the time of the day is parallel to 
the iso-h,F2 lines at the middle latitudes. There are some important features 
in these diagrams at some local time and during some seasons, and are discussed 
hereafter. 


321 





R. G. Rastoai 


Sunrise effect on the F2-region 


Though the lowest value of f, 2 in any month is observed at the equator during 
the pre-sunrise hours, but in the winter months f,/2 near the equator decreases to 
a value less than 1-0 Me/s for a couple of hours. This would result in the absence of 
the ionospheric reflections on some P’-f records and would indicate the disappear- 
ance of the F2-layer. BHarGAvVA (1952) has reported that at Kodaikanal (geog. lat. 
10-2° N) on about 60 per cent of the days during the period March—July 1952, the 
ionospheric echoes ceased for some time during the predawn period. BONNET (1954) 
has reported that towards the middle of the night the F'2-layer at Lwiro (geog. lat. 
2-3° 8) attained a very low height, sometimes less than 200 km, apparently due to 
contraction, which was followed by a rapid expansion, frequently coincident with 
the formation of a layer of density less than measurable. 

The phenomenon was observed at Ahmedabad during the winter months but 
was less frequent than at Kadaikanal. The ionospheric soundings at shorter 
intervals taken regularly during the early morning hours of December 1954— 
January 1955 showed that the no-echo condition occurred on only 15-20 per cent 
of the days. An example of the absence of the echoes at Ahmedabad is shown in 
Fig. 7. Following the general decrease of f,/2 and h’F2, the echoes vanished at 
0500 hours. It is interesting to note that the new F2-layer was formed at a height 
above 275 km. 

On some occasions when the night-time F2-layer did not die out completely, 
the critical frequency and height of the #2 decreased progressively to a very low 
value followed by the formation of fresh ionizations at much higher level due to the 
sunrise at those levels. The remnant of the old F2-layer at low Jevels and the 
new ionizations at higher levels remained simultaneously for some time, the old 
ionization getting feebler while the new ionization getting stronger with the 
increasing altitude of the sun. The P’-f records on these occasions resembled the 
one due to the usual F/ and F?2, or the £2- and F2-layers, and so has been referred 
to as night FJ-layer (HAUBERT, 1953), nocturnal H-layer (BONNET, 1954) or as 
night #2-layer (Rastoat, 1956). These designations seem to be based on the mini- 
mum height of the old F2-layer and the usual heights of the regular H-, H2- or 
F ]-layers during the day-time. Such a development of the F2-layer is seen in the 
sequence of P’-f records taken at Ahmedabad on 30 December 1954 reproduced in 
Fig. 8. One notices a very fast and gradual decrease of the critical frequency of 
the F2-layer after 0215 hours; by 0315 hours f,F2 had decreased to 2 Mc/s and 
the minimum height had dropped to about 175 km. At 0345 hours there appeared 
fresh ionizations at much higher levels. The new ionizations later strengthened 
and developed into the day-time F2-layer. 

On other occasions when the minimum f,/2 did not drop to very low value 
during the pre-sunrise period, the formation of fresh ionizations deformed the 
structure of the overnight £2-layer producing the so-called thick F2-layer or the 
ledges in the F2-region. SKINNER ef al. (1954) have described the occurrence of 
such ledges in the F2-layer during the time of layer sunrise at Ibadan. 

During the winter of 1956 and 1957, years with greater sunspot number, the 
morning phenomenon was evidenced mostly by the occurrence of ledges in the 
F2-traces. On many nights, the phenomenon occurred an hour or two before the 
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Fig. 7. P’-f records observed at Ahmedabad during the pre-sunrise period of 28 October 
1954 showing the cessation of the ionospheric echoes. 
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Fig. 8. Sequence of P’-f records at Ahmedabad during the pre-sunrise period of 
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Fig. 9. Sequence of P’-f records at Ahmedabad during the morning hours of 17 Dece ember 
1957 and 7 December 1957. 
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Fig. 11. Sequence of P’-f records at Ahmedabad during the evening hours of 
30 October 1955. 
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Fig. 15. Sequence of P’-f records at Ahmedabad on 3 August 1955 during the forenoon 
bite-out of f, F2. 
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sunrays illuminated the F2-region. The P’-f records obtained in quick succession 
on such occasions were similar to those obtained during the passage of travelling 
disturbances in the ionosphere (Munro, 1950). Examples of such recordings are 
shown in Fig. 9 where P’-f records at Ahmedabad on 7 and 17 December 1957 are 
reproduced. Referring to the P’-f records of 17 December 1957, the F-traces at 
0400 hours are quite normal. At 0408 hours the kinks develop near the critical 
frequencies. At subsequent records the kink moves down the frequency scale, till 
at 0445 hours the P’-f traces are again normal. One can notice large discrepancy 
in the heights of first- and second-order traces for frequencies near the critical 
frequency between the period 0415 hours to 0438 hours. The second-order reflec- 
tion height is less than twice the height of first-order reflection at the same frequency 
Referring to the records of 7 December 1957, one notices the similar features of the 
phenomenon, except that the disappearance of the kink at the low frequency end 
is followed by marked group retardation on the beginning of F-traces and often 
#2-traces are visible at about 150 km height. 

Similar occurrence of splitting in the F-layer during the pre-sunrise period at 
Calcutta has been recently described by BANDYOPADHYAY (1959). 

The first- and second-order traces for this period are not similar (0422-5 hours, 
7 December 1957) indicating that the two reflections are received from different 
directions due to great inclinations in the F2-layer at that time. After the distur- 
bance the height of the F2-layer was generally greater than the original value. 
This indicates that the early morning phenomenon is due to some kind of moving 
discontinuity in the F2-region preceding the sunrise. The movements in the F2- 
region during the morning hours is further suggested by the occurrence of the very 


high-order multiple reflections and abnormal height or intensity distribution of the 
multiple reflections observed slightly before the sunrise (RAstToc1, 1955). As seen 
from the diagrams, the iso-f, 2 lines during the early morning hours are parallel to 
the sunrise line, therefore the discontinuity in the F-region should be along E—W 
direction. Consequently, the direction of horizontal movement in the F-region 
is mainly along E—W directions in the morning hours. 


Sunset effect in the F-region 


Referring to Fig. 6, one notices a greater concentration of iso-/,/2 contour lines 
at middle latitudes around the sunset hours indicating a large rate of change of f, /'2 
during that period. The very rapid decrease of f,/2 at Ahmedabad during the 
evening hours of the equinoctial months can be seen in Fig. 3; f,2 decreased from 
a value of 13 Mc/s at 1600 hours to about 4 Mc/s at 2100 hours, corresponding to a 
decrease in the maximum electron density of the /2-region by about 100 electrons 
em— sec. 

HavuBert (1956) has described the appearance of a discontinuity in the P’-f 
records towards 2100 hours at Casablanca. First h’F maintains itself for a very long 
time at a relatively low altitude of about 200-250 km, then the electron density 
decreases gradually so that the F-region appears to divide into two strata one 
situated at 300-350 km and the other at the original height. The records presented 
by him show that the lower layer gradually vanishes leaving behind a single “‘F'2”’- 
layer at a height of about 300-350 km. Thus the height of the /2-layer increases 
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from 200-250 km to 300-350 km through this sudden jump after the sunset hour. 

Similar discontinuities were observed at Ahmedabad around 2000-2100 hours 
in the form of thick or non-parabolic F2-layer or by ledges in the F2-region. The 
most noticeable discrepancy during this period was that the height or the second- 
order reflection was much smaller than twice the height of the first-order reflection 
for frequencies near the critical frequency. Such unequal separations between the 
successive reflection traces has been shown to be due to the reflections from an 
inclined ionosphere (UYEDA and NAKATA, 1954). 

Fig. 9 shows a sequence of P’-f records taken at intervals of 15 min during the 
passage of such a discontinuity over Ahmedabad on 20 October 1954. The traces 
are quite normal for 1930 hours. At 1945 hours though, the critical frequency has 
not decreased appreciably but the virtual heights at frequencies close to the 
critical frequency has appreciably increased suggesting the expansion of the F2- 
region, and consequent thickening of the F-layer. The height of the second-order 
reflection trace is much smaller than twice the height of the first-order one, e.g. the 
heights of the first- and second-order reflections of 6 Mc/s wave at 2000 hours are 
435 km and 660 kin, respectively. This distortion in the F-region extends to lower 
frequencies followed by the formation of a ledge in F2 at 2045 hours. The reflec- 
tions at 2100 hours are again normal, the critical frequencies being decreased 
appreciably from those before the disturbance and the height of the 42-layer is 
slightly increased. 

At times an extremely large discrepancy was observed in the multiple reflection 
during the evening hours when P’-f traces are recorded on an extended height range 
as shown in Fig. 11. At 1900 hours the various traces of /2-reflections are normal 
with f, 2 equal to 12 Mc/s. At 2000 hours f, #2 decreases without any appreciable 
change in the shape of the layer. At 2100 hours there develops a distinct kink in 
the F-traces which shifts slightly to lower frequency at 2200 hours. At 2300 hours 
the kink is more prominent, the upper portion of the trace is greatly raised in 
height. A very remarkable fact to be noticed is the anomalous distribution of the 
heights of the various multiples; these being about 850, 1000, 1200 km for the 
first, second and third multiples of the upper layer. At 2400 hours the upper 
reflections have faded out leaving F2-layer having critical frequency of only 
3°6 Me/s. 

Since in the evening hours, the rapid decrease of f,/2 is accompanied with 
changes in the height as well as the thickness of the F2-layer, exact explanations 
of these abnormal reflections is not possible from the study of f, #2 alone. There- 
fore, in Fig. 12 are shown the variation with time of the actual height of fixed 
values of the ionization density in the F-region. Assuming the variations with 
time to be corresponding to the variation with distance along the latitudes, one 
can estimate the inclination of the surfaces of same ionization in the ionosphere 
from this diagram. The great slopes in the iso-ionization lines around 2000-2100 
hours are clearly seen. The inclination of iso-ionization surface at these times are 
estimated to be around 5°. On studying the variations in the bearings of short- 
wave (4 Mc/s) stations in Japan for the period February—March 1954, Kasuya 
(1954) has estimated the tilts in the equi-electron density surfaces in the F2-region 
to be about 5—6° in the morning and 7—12° in the evening hours. 
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Forenoon bite-out of £,F2 at middle latitudes 

A most striking feature noticed in the contour diagrams is the region of low 
f .f2 between 35-45° dip around 0900 hours during July 1954. At the stations 
within these latitudes, the phenomenon is observed by a decrease of f, /'2 following 
the regular increase initiated by the sunrise. The decrease of f,/2 around 0900 
hours is very prominent in the curves for Okinawa and Yamagawa in Fig. 4. 
A cessation of the increase or a decrease of f,/2 around 0900 hours was often 
observed at Ahmedabad during the summer months. 

The decrease of f, #2 in the forenoon hours of the summer months is better 
understood from the contour diagram of the critical frequency of the F'2-layer at 
Okinawa (Fig. 13). The maximum /f,/2 are observed during the equinoctial 
months (April and October), and the minimum midday /,/’2 occurs during January 
and July. There is a uniform distribution of the contour lines for the morning 
hours of winter months but there is a significant depression of f/,/2 during the 
summer months centred at 0900 hours of July. 
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Studying similar contour diagram of f,)/2 at Bombay, a station nearest the reg- 
ion of peak f,/2 during summer months, one does not notice any significant 
difference in the diurnal variations of f,/2 in different months. The time of the 
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Fig. 14. Redrawn P’-f records obtained at Ahmedabad on 26 August 1954. 


diurnal maximum of f, £2 at Bombay changes very little with season unlike large 
shifts of the same at Okinawa. The maximum value of /,/'2 is observed during the 
afternoon hours of April and October. 

On comparing the diurnal variations of f,/2 at Bombay and Ahmedabad on 
individual days, it was found that on the many days when there was large decrease 
of f, £2 at 0900 hours at Ahmedabad, no evidence of the same was noticed at 
Bombay. This indicated that the forenoon bite-out of f,42 at middle latitude 
during summer was characteristic of the stations just north of the region of 
maximum /,/'2. 

The effect of this phenomenon on the ionospheric records taken at middle 
latitudes is shown in the P’-f records at Ahmedabad on 28 August 1954 reproduced 
in Fig. 14. A continuous increase of f,/'2 with time is seen in the initial records due 
to the increasing intensity of the solar radiations. The f,/2 remained constant 
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between 0805 and 0835 hours, but later started decreasing and was followed with 
the occurrence of multiple splittings in the F-region. Abnormal P’-f records were 
obtained between 0900 and 0915 hours showing the ledge between F1- and F2- 
layers sometimes called as F1-5-layer. Later, the P’-f records were quite normal 
and the steady increase of f,/2 was resumed. 

On some occasions the P’-f records obtained during these periods were very 
complicated and could not be easily analysed. Fig. 15 shows asequence of P’-frecords 
obtained on 3 August 1955 at Ahmedabad. With the sunrise, the f,/2 increased 
very fast with the simultaneous development of /'J-layer. This was later followed 
by a quick decrease of f,/2 with the occurrence of abnormal P’-f traces. Notice 
the loop traces at the junction of F1- and F2-layers during 0810 and 0817 hours. 
Such traces are described by Munro (1950) to be formed by the movement of 
irregularities in the F-region. At 0819 hours a very short cusp was visible at a 
relatively great height at frequency beyond f,F2. On successive recordings this 
cusp got more prominent and moved steady downwards later joining the main 
curve. The critical frequencies of the original /2-layer continued to decrease, and 
later the F2-traces merged with the F/-traces. Simultaneously, the new cusp 
gradually developed into the day-time /2-layer trace. It is important to note that 
the new cusp was observed first on the extraordinary and later on the ordinary 
trace. Further the cusps on the ordinary and extraordinary components are very 
dissimilar to each other. This was again followed by the loop traces (0835 hours). 
Later the critica] frequencies started increasing and P’-f traces were again normal. 

The differences in the time of occurrence and in the shape of the new cusps can 
be explained on the basis of the divergence of the two components of the wave 
along the magnetic meridian plane in the ionosphere. In the northern hemisphere, 
the extraordinary component is deviated southward, i.e. towards the equator 
while the ordinary component is deviated northward. The occurrence of the cusp 
earlier on the extraordinary branch of the trace indicates the horizontal movement 
in the F2-region along a direction away from the equator during these periods of 
the day. This is already suggested from the comparison of the latitudinal varia- 
tions of f, 2 at different hours of the day. 

The dissimilarities in the nature of the cusps on the ordinary and extraordinary 
components indicate large differences in the distribution of the /'2-ionization at 
the regions of reflection of the two rays which in the Asian zone are very nearly 
along north-south direction. However, no such dissimilarities were found between 
the two components of the P’-f traces during the morning and evening hours. 
The horizontal movements during the morning and evening hours is along east— 
west direction and so the front of any disturbance during these periods would pass 
through the regions of reflection of the ordinary as well as extraordinary rays at 
about the same time and the P’-f traces due to the two components of the wave 
would always be similar. 

Summing up, the occurrence frequency of the ledges in the F2-region at 
Ahmedabad during the low sunspot years 1953 and 1954 is shown in Fig. 16. The 
ledges or stratifications are observed more often at 0600 hours (corresponding to 
the sunrise effect during the winter months), at about 0900 hours (corresponding to 
the forenoon bite-out of f,/2 during the summer months) and at about 2000 hours 
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Fig. 16. The occurrence of the stratifications in the /'2-region of the ionosphere at 
Ahmedabad during the low-sunspot years 1953-1954. 
(corresponding to the sunset effect). The frequency of the occurrence of ledges is 
about four times greater in the evening than in the morning hours. The times of 
the occurrence of the ledges in the F-region at middle latitudes are associated 
with the changes in the synoptic distribution of the ionizations in the /-region of 


the ionosphere. 


The F2-region during the maximum sunspot years 
A similar study of the variations in the /2-Jayer during the maximum sunspot 
year has not been possible due to the lack of data for such periods and partly due 


to the uncertainty in some of the data. However, some of the changes in the F2- 
layer variations are quite distinct and are briefly described. 

During the years with high sunspot number, the region of maximum /f,F2 
shifted slightly northward. Highest values of f,/2 were recorded at Ahmedabad 
and Formosa (dip 34° N). Any shift in the region of maximum /,/'2 with season 
could not be determined due to the paucity of the data. 

At the equatorial stations, the nature of the diurnal variation of f,/2 remains 
the same, though the relative amplitude of the forenoon and afternoon maxima 
changes systematically with sunspots. During the low-sunspot periods, the 
forenoon maximum is smaller than the afternoon one, while at the high-sunspot 
period, the former is greater than the latter (MAEDA, 1955; Sarma and Mirra, 
1956). 

At middle-latitude stations, the diurnal variation of f,/2 presented some 
interesting changes with sunspot number. The diurnal variations at few middle- 
latitude stations during each season of 1956 are shown in Fig. 17. Not only the 
day-time values of f,#2 but also the midnight values of f,/2 at any of these 
stations were greatest during the equinoxes. Thus the equinoctial effect in f,F2 
was present even in the night values of f,/2 during the high-sunspot years. 

As mentioned earlier, the highest value of f,/2 was observed at Ahmedabad. 
The diurnal pattern of the occurrence of F2-stratifications at Ahmedabad during 
1956 (shown in Fig. 18) was quite different from that in 1953-1954. During 1956, 
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Fig. 17. The diurnal variations of f, #2 at middle-latitude stations during the three seasons 
of the high-sunspot year 1956. 


the stratifications were most often observed around midday. These stratifications 
on many occasions were identified as 1-5 layer, which has been shown to be a 
common feature at middle latitudes during high-sunspot years (Kasuya, 1957; 
KoraptA, 1957). These stratifications seem to be due to great expansion of the 
F2-region during high-sunspot period, rather than due to any changes in the 


spatial distribution of fy f'2. 

The early-morning stratifications were observed during the winter months of 
high-sunspot years and it is evident by the maximum at 0500 hours in Fig. 18. 
There is no evidence of the sunset effect and one does not find any quick decrease 
of the ionizations at sunset hours during the equinoxes of the high-sunspot year. 
Similarly there is no maximum in the occurrence of /2-stratifications around 
0900 hours during 1956, corresponding to the absence of any cessation in the 
increase of f,/2 during that period. 

The diurnal variation of f/,/2 at Formosa too did not show any change around 
0900 hours, and a cessation in the increase of /, 2 around 0900 hours was observed 
at Okinawa. The diurnal variation of f/,/2 during the summer months at Yama- 
gawa and Tokyo showed a trough of f,#2 around 0900 hours (refer Fig. 17). On 
comparing the diurnal variations of the occurrence of /'2-stratifications at Yama- 
gawa, as indicated by the letter H in the tables of the ionospheric data, one finds a 
sharp maximum in the frequency of /2-stratifications around 0900 hours during 
the summer months of 1957. During other seasons, there was a single maximum 
of the occurrence of stratifications around midday, very similar to that at Ahme- 
dabad (Fig. 19). Thus the region of forenoon bite-out of /,/2 during the summer 
months, seems to have shifted northward during the high-sunspot years, and is 
associated with similar shift in the region of maximum /,/2. Thus the forenoon 
bite-out occurs at places just outside the anomalous belt of £'2-layer where the 
f, 2 decreases very rapidly with increasing latitude. 

The diurnal variation of /,/2 at Baguio and Guam Island presented a unique 
feature during the equinoctial months. The f,/2 continued increasing from the 
sunrise up to about midnight hours, i.e. the ionizations in #2 were increasing in 
the evening hours when intensity of solar radiations were decreasing with the 
setting of the sun and this increase continued well after the sun had set. Very 
large values of f,/2 were observed during the first half of the night hours at regions 
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at Ahmedabad during the year 1956. at Yamagawa during each season of the 
maximum-sunspot year 1957. 


of about 20° dip. AppLETON (1959) found that there are two latitudes within the 
anomalous belt where the ratio of f, #2 at sunspot maximum and sunspot minimum 
exceeds 4 in the late evening hours, and yet the general value of the ratio in high 
latitudes—where there is little transport—is only 2. 
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Observations of non-field-aligned auroral rays 
(Received 5 February 1960) 


Durineé the auroral display of 26 October 1956, fifteen colour photographs were taken at 
St. Andrews Observatory, Scotland, as part of an investigation into the photometric value 
of colour photography of the aurora (GADSDEN, 1960). The film used was Kodak Day- 
light Ektachrome Type E-2, and the camera was an ordinary 35 mm commercial camera 
with a 45 mm F/2-8 lens. The exposures necessary varied from 30 min to 4 min. 

Careful examination of the photographs revealed the existence on five of them of an 
auroral ray of unusual appearance. (These five photographs are reproduced in monochrome 
in Fig. 1, by the process of printing the colour transparencies in light from a neon lamp 
onto a panchromatic plate. The resulting negative was then printed in the normal way onto 
high contrast bromide paper.) Three facts were immediately obvious about the unusual 
rays: (a) in two cases, they were inclined at an appreciable angle to other rays appearing in 
the same region of sky; (b) as far as can be determined from a colour photograph, they 
were uniformly red from top to bottom; and (c) they were not due to spurious effects 
arising from local, ground level, lighting since, in the first two photographs taken (Fig. 1 
a and b), the rays were obscured over part of their length by cloud. The possibility that 
the ray is due to some defect in the emulsion of the colour film has been eliminated by a 
visual observation of a similar ray (which was not photographed) during the course of the 
display and by a black-and-white photograph taken, by chance, of one of the rays at almost 
the same time, and in almost the same direction, as photograph (c) in Fig. 1. It should be 
mentioned that the rays are entirely different in appearance to the red rays reported by 
STORMER (1957) on the same evening, and also photographed from St. Andrews. 

The colour of the rays suggests that they were at a considerable height in the atmosphere 
(StORMER, 1955) and the question arises whether this accounts for the apparent departure 
from field-alignment, when compared with the normal auroral rays. That is to say, whether 
the great range of the rays from the observer would have caused the apparent non- 
alignment to be due to their being aligned along magnetic field lines at a great distance 
from the observer. Assuming that the magnetic field of the earth may be represented 
sufficiently well by that of a geocentric dipole, whose axis intersects the Earth’s surface 
at 78-6°N, 70°W (VEsTINE et al., 1947), the apparent angle of intersection of a line of force 
with the horizon of an observer at geomagnetic latitude ¢ is given by 

3d 
tan 9 = oer tan ¢ cosec o 
where o is the geomagnetic azimuth of the point of observation; 
d is the range of the line of force from the observer in the horizontal direction (in 
units of earth radii); 
and 6 is the apparent inclination of the tangent to the line of force to the observer’s 
horizon. 
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Fig. 1. Photographs of unusual auroral rays taken trom St. Andrews, Scotland, on 
26 October 1956. The times (U.T.) of the exposures are: (a) 1938-2000; (b) 2034-2054; 
(c) 2230-2245; (d) 2258-2302; (e) 2321-2329. The unusual rays appear as narrow strips 
running almost vertically upwards from close to the bottom edges of the photographs. 
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For small d, and o equal to 90°, this expression reduces to 
tan 9 = 2 tan d = tan D 
where D is the local angle of dip, calculated on the assumption of a central dipole field. 
Fig. 2 shows the variation of § and o as a function of d for 6 = 59-4°, the geomagnetic 
latitude of St. Andrews. The observed values of @ and o, measured from the photographs, 
are listed below and are plotted on Fig. 2 as open circles. 
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It will be seen from Fig. 2 that there are no possible values of d corresponding to these 
values of 0 and o, and that the observed points differ from physically realisable values of 


\ 
\ 


























ee = 
| a d=3 
A. | Bean 
| | 
tot | 
| | | 
ie - 


60 




















co; degrees 
Fig. 2. Variation of 9 with o for various values of d. The open circles are observed values 
of 6 and o for the non-field-aligned auroral rays. 
6 by 5° to 13°. It is unlikely, therefore, that the rays were aligned along a magnetic line 
of force which had been distorted from the corresponding dipole line during the magnetic 
disturbance present on 26 October. (The A-index recorded at Eskdalemuir at the time of 
the exposures was 6.) It should also be noted that the local field at St. Andrews (dip 
angle = 70-4°) departs from the dipole field (dip angle = 73-5°) in such a way as to make 
the departure of the ray from field alignment even more marked. 
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Fig. 3. The observed geomagnetic azimuths o of the non-field-aligned auroral rays, 
plotted against the time of observation. 


Fig. 3 shows a plot of the observed azimuth of the rays as a function of the time of 
observation. It is obvious that the rays observed were unlikely to be a single ray showing 
systematic movement during the evening. This is supported by the small width of the ray— 
any rapid movement in azimuth of the ray would have caused it to be broadened appreciably 
during the long exposures made. 

The conclusions about these rays may be summarized as follows: 

(i) The rays were probably high in the atmosphere, since they appeared to be uniformly 
red from top to horizon. 

(ii) They appear to have been isolated from normal auroral activity, although this may 
be an effect of range, in that activity close to their bases could have been below the 
observer’s horizon. 

(iii) They appeared to be very much longer than they were wide. The ray appearing in 
the exposure from 2321 to 2329 U.T. extended right across the photograph (a distance of 
approximately 30°), and was less than 1° wide at all elevations. 

(iv) The rays were not field-aligned, as was the case with the normal auroral rays 
observed on the same evening. 

(v) They appear to be fairly rare. (There is no mention of similar rays by STORMER, 
1955). A watch has been made from Invercargill, New Zealand, for their appearance during 
the last two years, without any observed occurrences. 

Until more observations have been secured of similar rays, it is fruitless to speculate on 
their origin. It seems worthwhile to make every effort to observe the occurrence of similar 
rays, with emphasis on obtaining parallactic photographs of them. Since they may be very 
high in the atmosphere, a very long base-line would be necessary for successful measurement. 
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DPL Auroral Station, Awarua Radio M. GADSDEN 
Invercargill, New Zealand C. J. LOUGHNAN 





Research notes 


REFERENCES 


1960 J. Atmosph. Terr. Phys. 17, 347. 

1955 The Polar Aurora p. 142. Clarendon Press, 
Oxford. 

Nature, Lond. 179, 623. 

The Geomagnetic Field, Its Description and 
Analysis. Publication No. 580, Carnegie 
Institute, Washington. 


GADSDEN M. 
STORMER C. 


STORMER C. 1957 
VESTINE E. H., Laporte L., LANCE I. 1947 
and Scott W. E. 





Photoionization of atomic oxygen and atomic nitrogen 


(Received 9 April 1960) 


In connection with another problem it was necessary to compute photoionization cross- 
sections of atomic oxygen and atomic nitrogen for incident radiation down to very short 
wavelengths. Because of their importance in the interpretation of solar—terrestrial effects 
and because they differ both qualitatively and quantitatively from the values currently 
available (NICOLET, 1952a), we present a brief description of the results. 

The calculations were carried out initially using the approximate treatment described by 
Bates (1946a), which is based upon the dipole length formulation. However, a comparison 
of the derived polarizabilities with those computed more accurately by other methods 
(DALGARNO and PaRKINSON, 1959) showed that the dipole length values were much too 
large at short wavelengths and the approximate treatment by BaTEs was therefore extended 
to the dipole velocity formulation. The derived values yielded much improved polariz- 
abilities and the results shown in Figs. 1 and 2 refer to the dipole velocity cross-sections. 

The initial bound state wave functions were taken as the Hartree-Fock functions 
computed for oxygen by HarTREE ef al. (1940) and for nitrogen by HARTREE and HARTREE 
(1948) and the final continuum functions were taken as hydrogenic in a field of unit nuclear 
charge. All the parameters required have been tabulated by Bates (1946b). 

The qualitative differences from the calculations of NicoLEeT concern the locations of the 
discontinuities of the cross-sections associated with the ejection of the inner electrons. 
The most recent observations of the K-absorption spectra of O and N have apparently been 
made by Magnusson (1938) and of the A-emission spectra by Tyrtn (1940). NicoLet 
(1952b) has analysed the data and concludes that the edge of the A-absorption continuum 
for O occurs at 21-5 A and for N at 29-6 A We have preferred to adopt the values of 22-8 A 
for O and 30-3 A for N suggested by the Hartree-Fock calculations, but the differences 
are not significant; it should be noted that for both O and N there are actually two 
K-absorption edges, which we do not distinguish between. 

For the locations of the L, edges, Nicoter suggests 125 A for O and 175 A for N. 
There are, in fact, two L, edges for O corresponding to final states O*(4P) and O*(?P) 
and two for N corresponding to final states N*(°S) and N*(3S). From the tables of Moore 
(1949) it appears that the edges lie at 435 A and 310A for O and at 608 A and 367A 
for N (the averages of these two pairs of edges are in harmony with those suggested by 
the Hartree-Fock calculations). Since the resonance line of Het is located at 304 A, the new 
proposed limits may have important consequences. 

The ionization limits corresponding to ejection of a 2p electron are well-known and do 
not require discussion. It should be remarked that many other discontinuities must occur. 
They may be associated with transitions in which the ion is left in an excited state or with 
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discrete transitions to highly excited states of the neutral atom followed by autoionization. 
Our values do not take account of these possibilities. 

The derived values of the photoionization cross-sections of atomic oxygen and atomic 
nitrogen for radiation down to wavelengths of 1 A are shown in Figs. 1 and 2 and the values 
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Fig. 1. Photoionization cross-section of atomic oxygen as a function 
of the wavelength of the incident radiation. 
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Fig. 2. Photoionization cross-section of atomic nitrogen as a function 
of the wavelength of the incident radiation. 


for two important wavelengths are given in the table. Although the accuracy is not high, 
the results should be superior to those previously available except in the region of the first 
ionization limits for which the more refined calculations of Bates and Seaton (1949) 
are to be preferred.* 


* Note added in proof: Dr. M. Nicotet has drawn to our attention that accurate measurements at 
very short wavelengths are available. The values are quoted by M. Nicouer and A, C, AIKEN (J. Geophys. 
Res. 65, 1469; 1960). 
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The K-absorption cross-sections for O, and N, can be taken, without significant loss 
of accuracy, as twice those for O and N respectively and a similar doubling should give a 
useful guide to the L,-absorption cross-sections. 


Table 1. Absorption cross-sections in units of 10-17 em? for O and 
N at 584 A and 304 A 





Calculated 
Measured * 
Calculated 
Measured * 





* The measurements are for O, and N,; the values given in the table 
are half the observed values. 


Measurements of the absorption cross-sections for incident wavelengths between 1300 A 
and 300 A have been made for O, (WEISSLER and Lex, 1952) and for N, (WEISSLER e¢ al., 
1952) and the observed values per atom at 584 A and at 304 A are included in the table. 
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A propos de la détermination de la hauter vraie du maximum d’ionisation 
dans la méthode des dix points 


(Received 16 April 1960) 
La détermination des hauteurs vraies par la méthode des dix points (DouBLET, 1951; 
Ke so, 1952, 1954; ScHMERLING, 1958) est maintenant utilisée en de nombreux observa- 


toires ionosphériques. 
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On sait qu’elle permet de tracer aisément la courbe des hauteurs vraies de réflexion, en 
fonction de la fréquence, jusqu’a des fréquences tres voisines de la fréquence critique, mais 
que la prolongation de la courbe jusqu’a la fréquence critique, ¢’est a dire jusqu’a la hauteur 
du maximum d ionisation, n’est possible qu’en faisant une hypothése sur la répartition de 
Vionisation en fonction de la hauteur. L’hypothése la plus satisfaisante est celle d’une 
répartition obéissant a une loi de la forme: 


fp) 
ore oe a) 
I m/ / 
ou f est la fréquence réfléchie a la hauteur h, 

f,,, ja fréquence maximum réfléchie (& la hauteur h,,,) 

h,,, la hauteur du maximum d ionisation, 

h,, la hauteur de la base de la couche. 

Une méthode de détermination de h,,, consiste a tracer sur un calque différents modeéles 
de paraboles, calculées avec différentes valeurs des paramétres, et & chercher quelle est la 


0 


> 
3 





Lhe ste as nc ccs 








Fig. 1. Fig. 2. 


courbe qui s'adapte le mieux a la partie déja tracée pour déterminer les valeurs de ces 
parametres. Mais, on peut obtenir directement h,, par la construction graphique décrite 
ci-dessous. 

Prenons un calque que nous superposons au graphique a échelle logarithmique des 
fréquences et échelle linéaire des hauteurs sur lequel se trouve tracée la courbe des hauteurs 
vraies, obtenue par la méthode des dix points, jusqu’au voisinage de la fréquence critique. 

Tragons sur le calque, Fig. 1, une verticale correspondant a la fréquence critique f,,,, 
puis deux autres lignes verticales correspondant respectivement a: 

i i Ky fn et fo a Kofi 
enfin une quatriéme verticale correspondant a: 
7 a\ 1/(a—1) 
ae 
ree r 
Ky, 


(0,98)1,4\ 1/0,4 
: = ake ] ,032 : ae 


y Bp eae Sc he /784 
Exemple: K, = 0,96, K, = 0,98, a = a) 396 adit te ; 0,96 7 


La verticale f,, du calque étant placée sur la valeur de la fréquence critique portée sur 
le graphique, les verticales f, et f, couperont la courbe des hauteurs vraies tracée, en deux 
points P et Y. La droite passant par les points P et Q coupera la verticale f,, en un point O 
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qui est 4 la hauteur du maximum d’ionisation. II suffira de reporter cette hauteur sur la 
verticale f,,, du graphique et d’extrapoler la courbe jusqu’a ce point en la terminant tangen- 
tiellement 4 la verticale. Bien entendu les fréquences f, et f, devront étre choisies assez 
proches de f,,,. 


Nous avons maintenant a justifier cette construction; de (1) nous pouvons écrire: 


et enfin: 


pe is ( — K, 
D’aprés la Fig. 2, nous aurons, le point O étant supposé a la hauteur h,,,: 
hm —hy=AP et h,, —h, = BQ 
et par similitude des triangles, ainsi que d’aprés (4): 
OA AP h,—h, 
i I .-k 
Or, par suite de l’échelle logarithmique des fréquences: 


OA log f, — log f; 
OB logf, —logf, — 


nals) 


et nous pouvons écrite: 


dou: 


'*; 1/(a—1) Ast * 1/(a—1) A, 1/(a—1) 
p =| e a aa m* (9) 


Ky fin / Ky, 
Centre d’ Etudes Géophysiques A. HAUBERT 
Garchy, Niévre, France 
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Changes in the fading speed of low-frequency radio waves 
(Received 25 April 1960) 


Tus paper is concerned with the speed at which low-frequency radio waves fade. When 
a fading curve appears to be made up of two components with very different correlation 
times and when different radio frequencies are to be compared, it is not desirable to estimate 
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fading speed by counting the number of maxima on the fading curve. If, however, it is 
desired to estimate the way in which fading speed varies with time on one frequency, the 
counting of maxima gives a simple and satisfactory measure of the speed of the fastest 
component. Records made on frequencies of 70-8, 113-3 and 200 ke/s were investigated 
in this way. 

Examination of fading records on a single frequency shows that the fading speed, as 
measured by counting maxima, changes over quite a wide range and in general the fading 
can be described as either slow, medium or fast. It will here be suggested that the fast 
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Fig. 1. Hourly average fading speed for three low-frequency waves in December 1957. 


fading is associated with the incidence of meteors on the ionosphere. Although it was 
noticed on many occasions that unusually high magnetic activity was associated with high 
fading speed, no clear correlation between the two variables was found. 

We shall consider fading records of the wave reflected at steep incidence from the 
ionosphere covering 24 hr periods in winter. In summer the daytime strength of the 
reflected wave was too weak to be recorded. 

The fading speed was measured in terms of number of maxima per hour and the monthly 
average magnitude was determined for each hour of the twenty-four and denoted 
by B: 

The fading speed S,, was compared with the monthly average value (/,,) of the num- 
ber of meteors (sporadic and shower) which left ionized trails in the atmosphere sufficiently 
dense to reflect radio waves with a given intensity on a given wavelength. These numbers 
were kindly provided by Professor A. C. B. Lovet at Jodrell Bank. 

In Fig. 1, S,, for each hour of the day is given for the frequencies 70, 113 and 200 ke/s 
for the month of December 1957. Each point on these curves is the average of between 
twenty-five and thirty individual values. The shapes of the curves for the different fre- 
quencies are very similar, and it is reasonable to suppose that fading on these frequencies 
had a common origin. Since the speed of the slow component of fading is found to be 
roughly constant at about eight maxima per hour, these curves are known to represent the 
changes in the fast component. 

Fig. 1 shows that the fading speed is greatest round about 0000 GMT and is least at 
about 1800 GMT. The curve for V,, against time of day for December 1957 is given in 
Fig. 2 together with the curve of S,,, for 70 ke/s for the same month transferred from Fig. 1. 
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These curves are remarkably similar and the correlation coefficient was found to be 0-85. 
Similar curves were evaluated for November 1957 and January 1958 and these confirm the 
high correlation found for the curves in Fig. 2. 

It is known that the number of meteor trails formed decreases quite sharply with 
height. In the light of the correlation mentioned above, the height of reflection of a par- 
ticular frequency will then be an important factor determining the fading speed on this 
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Fig. 2. Mean fading speed on 70 ke/s (taken from Fig. 1) compared with mean number of 
meteors observed by radio methods, for December 1957. @— — —@ Fading speed (70 ke/s); 
)——— © Numbers of meteors. 


frequency. Fading speed will change with frequency as a result of the change of wave- 
length and also because of the change in height of reflection. It is thus not expected to find 
a linear relationship between fading speed and frequency over a range of frequencies. 

It is observed that on frequencies less than about 70 ke/s, the fast component of fading 
is completely absent for most of the time. One can then, taking the above-mentioned 
experimental facts into account, perhaps make the statement that at heights where fre- 
quencies lower than 70 ke/s are reflected either no (or very few) meteor trails are formed. 
It may also be that the irregularities present at these heights, are of dimensions smaller 
than a wavelength of the radio frequencies concerned. 
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An auroral emission in the 2:0—2-2 uw region* 
(Received 27 April 1960) 


INFRA-RED emission near 1-5 uw has been observed by Harrison and VALLANCE JONES 
(1959) in very bright active aurora. Two features at 1-46 uw and 1-52 w were definitely 
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identified as the 0,1 and 1,2 bands of the Meinel (A?7—X?X*) system of N,*, while a third 
feature at 1-59 w was tentatively identified as the 2,3 band of the same system. Between 
1-8 and 2-0 w atmospheric absorption is virtually complete, while beyond 2:5 u, Noxon, 
HARRISON and VALLANCE JONES (1959) have found that the observation of auroral and 
airglow emissions is precluded by the very intense thermal radiation from the lower 
atmosphere. Between 2-0 and 2-5 uw the atmospheric transmission is high and the thermal 
background low; this note reports an attempt to observe auroral emission in the latter 
region using the new scanning spectrometer previously employed for study of the night sky 
emission between 1-5 and 4:0 w. 

















21 
Wavelength, sz 


(a) Spectrum of very bright type-B red aurora. (b) Spectrum of night airglow. 


Observations were made during bright active aurora on about a dozen occasions, at a 
spectral slit width of 300 A; under these conditions the instrument was capable of detecting 
a monochromatic emission of brightness greater than about 30 kR. No emission was 
observed from ordinary active aurora even when the visual brightness corresponded to 
intensity III. On one occasion, however, during a particularly bright active type-B red 
display, a feature appeared at about 2-14 uw with a total intensity of about 60 kR. A 
reproduction of the recorded tracing is shown in Fig. la. A tracing of the normal night 
airglow spectrum is shown in Fig. 1b. The features common to the two spectra are (i) the 
broad emission between 1-9 and 2-3 yu which is due to the OH bands reported by Noxon 
et al. (1959) and (ii) the rapid increase in emission beyond 2-3 « which is due to thermal 
emission. 

The only auroral emissions which seem likely to show up in the 2-0—2-5 mw region are 
further bands of the Meinel N,* system. The most important of these should be the 0,2, 
1,3 and 2.4 bands; the origins of these bands fall at 2-13, 2-24 and 2-36 w respectively. 
From the q(v’, v”) values given by Fraser, JARMAIN and NIcHOLLS (1954), and by an 
extrapolation of the empirically determined dependence of the dipole moment on inter- 
nuclear separation found by NicHOLLs (1958), one may obtain the intensity ratios: 
(0,2)/(0,1) = 0-2; (1,3)/(1,2) 0-5 and (2,4)/(2,3) 1-5. The mean intensities given by 
HARRISON and VALLANCE JONES for the 0,1, 1,2 and 2,3 bands are 100, 300 and 100 kR 
respectively; consequently one might predict intensities of 20, 150 and 150 kR for the 
0,2, 1,3 and 2,4 bands. 

An identification of the feature observed at 2-14 uw with the 0,2 Meinel band might 
then seem inconsistent with the absence of even stronger emission at 2-24 yw in view of the 
predicted relative intensities given above. However, Harrison and VALLANCE JONES 
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actually found a considerable variation in the relative intensity of the 0,1 and 1,2 bands 
between successive 1 min scans; occasionally the 0,1 was observed to be more than twice 
as bright as the 1,2. Moreover, unlike the 1,2 and 2,3 bands, the 0,1 band falls in a region 
of high water-vapour absorption; this has resulted in successful observations of the band 
ordinarily being confined to strong aurora in the zenith. Bearing in mind the effects of 
water-vapour absorption it appears likely that the 0,1/1,2 intensity ratio could become 
sufficiently large (> 2-5) on occasion to give a predicted 0,2/1,3 intensity ratio >1, provided 
the estimated transition probabilities are not seriously in error. In such circumstances it 
seems possible to identify the 2-14 uw feature as the 0,2 Meinel band and at the same time 
account for the absence of other bands in the Av = 2 sequence. 

Apart from the tentative identification of the 0,2 band, the principal conclusion is that 
only rarely does even the brightest auroral activity lead to an appreciable amount of 
emission in that part of the spectral region beyond 1-8 uw which is accessible to observation 
from the ground. 

J. F. Noxon 
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LETTER TO THE EDITOR 





Fading of satellite transmissions and ionospheric irregularities 


(Received 31 March 1960) 


Kent (1959) has recently reported observations at Cambridge of a rapidly fading component 
on the 40 Mc/s wave radiated from Sputnik I. He has concluded that this fading is due to 
ionospheric irregularities which disappear in a rather surprising manner south of the observing 
station. The purpose of this note is to offer the alternative suggestion that the irregularities 
are present to the south of Cambridge, but are oriented so as to scatter sufficient power for the 
rapid fading to be observed only when the satellite is in the north. 

It seems likely that the irregularities giving rise to the fading are the same as those which 
cause radio stars to scintillate, and that they are elongated in the direction of the earth’s magnetic 
field lines (SPENCER, 1955). If this is indeed so, their scattering properties may be far from iso- 
tropic, as appears to have been assumed by Kent. This view rests on the association, first 
suggested by PETERSON et al. (1955), between the aspect sensitivity of radar echoes scattered 
back from /’-region on the one hand, and spread-/’ echoes and radio star scintillation on the 
other. It is as though relatively large scale anisotropic irregularities, of the sort deduced by 
SPENCER from widely-spaced receiver observations, have a small-scale filamentary structure 
capable of scattering metre waves anisotropically. Perhaps, for example, aggregates of field 
aligned ionization trails produced by charged particles spiralling in along geomagnetic field 
lines may give both metre-wave aspect senstivity and a relatively large scale diffraction pattern. 

In the present case of transmission through the scattering medium the most favourable 
condition for scattering will occur when the line of sight to the satellite (or radio star) makes a 
right-angle intersection with a geomagnetic field line. The greater the departure from this 
condition, the less effective will the irregularities become in scattering the transmitted wave 
to the observer. On this basis, fading observed at Cambridge ought to cease at a more southerly 
geographic latitude to the west of Cambridge than to the east. This is because similar geo- 
magnetic conditions occur at a more southerly geographic latitude to the west of Cambridge 
than to the east. The observations reported by Kent show this behaviour. (In his paper the 
unconventional course is adopted of referring to magnetic inclination as magnetic latitude). 

This suggestion, whilst avoiding the seemingly arbitrary assumption that the irregularities 
do not occur south of the observer, does not conflict with Briaes (1958) who finds in a study of 
spread-F echoes that the degree of spreading is greater at Inverness than at Slough. In fact it 
is well known that both spread-/ and radio star scintillation are observed at lower latitudes 
than Cambridge; and it would be worthwhile to have similar observations to those of KENT at 
lower latitudes. If the view put forward here turns out to be correct, the scattering geometry 
may not permit the heights of the irregularities to be deduced so simply as for isotropic scattering. 
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BOOK REVIEWS 





Electromagnetic Phenomena in Cosmical Physics. Edited by B. LexHnerr. (International 
Astronomical Union Symposium No. 6.) Cambridge University Press, 1958, 545 pp., 


50s. 


THE present volume contains the text of some fifty contributions to an International Symposium 
which was held in Stockholm in the summer of 1956. The papers are arranged, as logically as 
possible, in a sequence of seven chapters. Apart from the first somewhat general chapter on 
hydromagnetic phenomena, these deal with solar electrodynamics and theories of solar flares, 
solar and interplanetary magnetic fields, terrestrial magnetic storms and the effects of inter- 
planetary fields on cosmic rays, and stellar magnetism. 

Many of the individual papers had already appeared in scientific journals before the publica- 
tion of the present volume. However, although readers may be familiar with such papers, they 
will find much of interest in the very critical and stimulating discussions which followed the 
presentation of papers at the Symposium and which are printed here in full. Several chapters 
start with admirable surveys of their respective fields; we mention in particular VAN DE Hutst’s 
introductory paper on magnetic fields in astrophysics, CowLING’s historical account of the 
development of solar electrodynamics, and FERRARO’s review of the corpuscular theory of 
magnetic storms. These and some others will be found extremely useful even though our views 
on questions such as the properties of interplanetary space, the magnetic field of the Sun, or the 
production of Aurorae, are changing considerably as the result of recent optical, radio and 
satellite observations. The name and subject index adds much to the value of the volume. 


H. A. Brick 





F. Gopwin: The Exploration of the Solar System. Chapman and Hall, London, 1960, 200 pp., 35s. 


To HAVE started writing this book when he was sixteen years old, and to have published it at 
the age of nineteen, is a most remarkable feat accomplished by the young author of this book. 
The text was written when Mr. Godwin was in the United States; he is now back in Britain 
working for the degree of B.Sc. in Physics at London University. His publishers confidently 
envisage that, in maturity, he will make distinguished contributions to the subjects of astro- 
physics and space travel, provided he does not decide to put his present theories to the test 
in person! Nevertheless the young author shows a remarkable grasp of some of the scientific 
considerations which must be taken into account in predicting the development of astronautics 
in the next century and a half. The major criticism which must be made is that certain out- 
standing difficulties are glossed over. Too readily is it said, for example, that the Martian 
colony will use solar power while that on Venus will be obliged to use nuclear power—with the 
laconic addendum that the second requirement will be more difficult to fulfil than the first. 
Still, as a teen-ager dissertation on space travel, I feel that even the heart of the Astronomer 
Royal, Dr. R. van der Riet Woolley, would be inclined to melt on reading it. The present 
reviewer has nothing but admiration for a youngster who, when told that something can’t 


be done, is not inclined to believe it. 
E. V. APPLETON 
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Indices of geomagnetic activity 
of the observatories HARTLAND (Ha), ESKDALEMUIR (Hs) and Lerwick (Le) 
April 1960 
The figures given on this page represent the K-indices for three-hour intervals, 


beginning with 00—03 hrs for the first and ending with 21—24 hrs for the eighth figure. 


April 1960 
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